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ABSTRACT 
TREATMENT OF CONTAMINATED SEDIMENTS USING REACTIVE CAP 
TECHNOLOGY: Characterization and modeling of geotechnical, hydraulic and contaminant 
transport behavior of cap-sediment systems 
by 
Rafael Antonio Prieto Piedrahita 
University of New Hampshire, May, 2009 
Reactive cap technology is a promising in-situ remediation solution for contaminated 
sediment, mainly because it has the potential to reduce costs and environmental impacts when 
compared to solutions that rely solely on dredging and disposal. Reactive capping mats have been 
recently used in demonstration projects as a passive remediation technology for contaminated 
sediment. The mats used in this research were comprised of two geosynthetic fabrics bound to a 
fibrous core filled with a reactive material. The type of geotextiles and reactive material are 
selected based on the characteristics of the contaminated material and the contaminants on site. 
The mat is deployed on top of the sediment to trap the contaminants as they migrate out of the 
sediment via diffusion or advection. The upper geosynthetic acts as a filter and prevents clean 
sediment migration into the cap, while the bottom geosynthetic provides strength to the mat 
during installation and recovery of the system. The reactive mat is deployed over the sediment 
and is typically protected by 0.3 m of clean permeable sand or silt. 
Fine grained submerged sediment is a challenging geotechnical material because its soft 
nature has the potential for complex consolidation behavior, variable permeability, and transport 
of contaminants. The sediment experiences a self-weight consolidation process in addition to the 
xiv 
consolidation induced by the weight of the reactive cap. The installation of the cap applies a load 
on top of the sediment and induces pore pressure build-up that is dissipated over time, and 
gradually changes the void ratio and permeability of the underlying sediment, which in turn 
causes a change in the ground water flow regime. This complex behavior modifies the transport 
of contaminants within the sediment over time, and it may also modify the efficiency of the 
reactive cap. Current engineering practice accounts for these aspects only in a very simplistic 
manner as part of the design process of in-situ caps, even though they define the long and short 
term performance of the reactive cap. This dissertation presents a detailed study on each of these 




The treatment of contaminated sediments is a major global problem. The accumulation of 
contaminants on sediments is the product of slow contaminant buildup directly from the industry 
or from runoff precipitation. Abandoned hazardous waste sites are an important source of 
contaminated sediments identified by the Environmental Protection Agency (EPA) through the 
Superfund Program. This environmental program addresses abandoned hazardous waste sites. 
Additional contaminated sites are commonly encountered in old military installations, and efforts 
are now being made towards the rehabilitation of such sites. The United States Navy funded this 
research through the partnership with the Strategic Environmental Research and Development 
Program (SERDP). 
Contaminated sediment is generally treated using ex-situ or in-situ approaches. Ex-situ 
approaches are based on dredging and disposal of the contaminated sediment, therefore it is 
evident that ex-situ treatments do not solve the problem but rather move it and create additional 
harm. They require sound intervention of the site, design of the disposal site, and possibly an 
additional step to remove/reduce the contaminants from the dredged sediment. All these 
additional steps make it an expensive and intrusive remediation methodology, and reduce the 
possibility of using it on many contaminated sites. 
On the other hand, in-situ methods avoid detrimental effects arising from modifying the 
hydraulic conditions of the site, reduce costs associated with material dredging, transport and 
management, and avoid the use of a second site for disposal of dredged sediment. Unfortunately, 
most current capping technology is based only on isolation of the contaminants using sand, 
geotextile and/or gravel cap and no in-situ remediation is taking place after capping of the site. In 
this case the contaminants are stored and the possibility of slow migration of the contaminant 
1 
plume implies the further need of site intervention. The use of a reactive capping technology as 
proposed in this research allows the effective isolation and immediate start of the remediation of 
the contaminated site with minimum intervention. 
Reactive capping technology was tested by the University of New Hampshire at the 
Anacostia River in Washington D.C. in 2003. The capped area of 100 ft x 80 ft was designed as a 
30 cm thick layer of loose material (15 cm of Apatite, covered by 15 cm of sand for bioturbation) 
to be deployed over the sediment surface. This design was based on current guidelines and 
included: bearing capacity and consolidation analyses, erosive current considerations, and 
bioturbation layer design for contaminant diffusion of Pb, Cu, Cd, Zn, and Cr over a 5 years 
period. Additional caps were constructed at the same site to test Coke Breeze and Aquablock™ 
as possible technologies. The monitoring program measured the settlement after 1, 6, 7, 17 and 30 
months and found an average final settlement of 2.78 in. at the sediment surface and 3.33 in. at 
the cap surface. Some of the settlement rods were damaged by boats or lost during the program; 
therefore, the information was limited and evaluated accordingly. In addition, the deposition of 
the reactive material over the soft sediment promoted mixing with the in-situ sediment and 
eventual loss of reactive material, which lead to over-design of the reactive layer. Among other 
improvements and requirements, this project showed the necessity of a delivery system for the 
reactive material that allows its uniform distribution over the target area, restricts its movement 
due to water current, reduces resuspension of solids and sediment-reactive mixing, and facilitates 
its deployment and retrieval. 
The use of a double geosynthetic fabric system bounding a fibrous core filled with a 
reactive material is a potential delivery system for the reactive material used to treat contaminated 
sediments. The reactive material can be uniformly distributed over a prefabricated double 
geotextile system prior to the deployment, and designed based on site contaminants; moreover, 
this system facilitates deployment and retrieval with minimum solid resuspension while 
2 
maintaining isolation of the contaminated sediments from the environment. If necessary, the 
reactive core mat can be covered by a protective layer of sand, silt or gravel to hold it in place. 
This protective layer serves a dual purpose, it helps prevent bioturbation to reach the reactive core 
mat, and acts as a surcharge inducing consolidation advective water to flow from the 
contaminated sediment to the reactive mat, which will help remediate the contaminated pore 
water. 
The delivery system for the reactive material represents the focus of this study, which is 
studied in terms of design and performance required for its successful implementation. In 
addition, in order to facilitate the use of this technology it has to be cost-effective and technically 
reliable. The cost reduction of this technology when compared to previous cap designs is 
expected to be achieved by minimizing the thickness of a protective layer, minimizing the amount 
of reactive material and reducing the time and labor required for deployment and retrieval. 
Several technical aspects have been identified in this technology and are part of this research. 
Among these aspects, it is important to understand the use of geotextiles on fine soft 
contaminated sediment, as it requires in-depth knowledge of short- and long-term clogging 
behavior of the fabrics; in addition, it is important to control the loss of contaminated sediment 
particles due to migration into and through the fabrics. Furthermore, the interaction between the 
cap and the underlying sediment induces consolidation, reduction of sediment permeability and 
void ratio over time. Also, the consolidation process induces transient contaminant transport due 
to the advective water flow from the sediment. 
As previously mentioned, SERDP was an integral part of this research. The SERDP 
scientific board, in charge of advising the development of this research, identified similar 
geotechnical aspects to be investigated as part of the study of reactive capping technology. The 
board requested an evaluation of the consolidation behavior of soft sediments under the expected 
weight of the reactive capping, and an evaluation of the bearing capacity of the sediment under 
3 
field conditions. In addition, a detailed study was requested on the clogging behavior of 
geotextiles when in contact with fine sediments, because of concerns that geotextile clogging 
affects the performance of the reactive material and the in-situ ground water flow conditions. An 
additional request of the board was aimed towards the possibility of gas accumulation at the 
sediment-geotextile interface, due to methane gas generated by bacterial activity in the sediment. 
This dissertation describes the work done on each of these aspects, and on additional 
technical challenges that must be addressed for the successful application of reactive cap 
technology. The contributions studied as part of this research are presented in four chapters. Each 
chapter is presented as independent from the others as possible; therefore, each chapter includes a 
detailed literature review specific to the subject of study in addition to the general literature 
review presented next. The dissertation is organized as follows: 
Literature Review: This chapter presents the evolution of capping of contaminated 
sediments. It begins with a recount on case histories of passive caps followed by studies on 
reactive material to bind contaminants, and continues covering reports on reactive capping to 
remediate contaminated sediments. Finally, the chapter describes the current design guidelines for 
capping of contaminated sediment. 
Geotechnical Behavior and Modeling of Soft Sediment Consolidation: This chapter 
presents the research done on soft sediment consolidation, with emphasis on permeability 
reduction at low stress levels, consolidation testing of soft sediment, and numerical modeling of 
normally consolidated soft sediment. 
Water Flow on Soil-Geotextile Systems: The chapter shows the work done on fine 
grained sediment-geotextile performance. Results of short and long term experiments to establish 
the clogging potential of these systems are discussed based on the gradient ratio test. The tests are 
used to verify retention capability of geotextile on fine grained sediment. This chapter also 
4 
presents the development and results of numerical models that simulate possible geotextile 
clogging scenarios. 
Contaminant Transport on Reactive Core Mat Applications: This chapter discusses the 
transport of contaminants based on the advective flow caused by the consolidation of the 
contaminated sediment and the in-situ ground water flow, including the influence of surface 
sediment consolidation. In addition, numerical models are also presented that simulate the change 
in contaminant transport conditions due to eventual clogging of the geotextiles. 
Discussion and Recommendations for Reactive Core Mat Design: This chapter discusses 
the major findings of this research in terms of soft sediment consolidation tests and modeling, 
influence of geotextile clogging on ground water flow conditions, and transport of contaminants 
during consolidation. This chapter also presents recommendations for reactive core mat design 
for remediation of contaminated sites, based on the findings of this research. 
The following literature review chapter provides general background information on the 
state of reactive capping, and shows how the work presented in this dissertation addresses the 
outstanding issues identified at the beginning of the project. 
5 
1 LITERATURE REVIEW 
Contaminated fine grained water-deposited sediments are a major global problem. 
Traditional remediation of contaminated sediment has been done by dredging and disposal of the 
material. As mentioned before, this type of solutions do not solve the problem, but rather transfer 
it and force the need of further actions to store, treat and dispose of the contaminants. Thus, in-
situ capping is commonly a more cost effective solution. Non-reactive and reactive caps were 
built to isolate or remediate contaminated sediments around the world; however, as it will be 
explained later in this chapter, currently there is no integral approach to the geotechnical problem 
given the soft nature of the sediment and all the aspects of a geotextile based reactive barrier. 
The following describes the evolution from passive in-situ capping (isolation of the 
contaminated materials) to an active in-situ capping approach (isolation plus remediation), and 
concludes with an explanation of the current design criteria for capping of contaminated 
sediments. It is important to remember that the contributions studied as part of this research are 
presented in four separate chapters, and that each chapter is presented as independent from the 
others as possible; thus, each chapter includes a detailed literature review specific to the subject. 
One of the first examples of sand capping was built in 1994 at Hamilton Harbor, Ontario, 
Canada. A pilot scale cap 100 m x 100 m made of a single 50 cm thick layer of 0.5 mm diameter 
clean sand covered the contaminated sediment (Zeman, 1994). The contaminants were located in 
the upper 30 cm of black silty clay with undrained shear strength less than 12.5 kPa, and overlaid 
clean natural sediment. The sand cap was not reactive, and it was designed to isolate the 
contaminated sediment from intrusion of wild life, and to store the advected water due to 
consolidation within the sand cap. The ultimate settlement due to the cap weight was estimated to 
be between 14 and 21 cm using classical consolidation and finite strain analysis, which is a clear 
6 
indication of the high compressibility of the sediment. The computed rate of consolidation was in 
agreement with laboratory experiments of the consolidation process (1.3 m x 1.3 m x 1.3 m 
sediment tank), and it was only used to estimate monitoring times for the site. 
In 1995, contaminated sediment on an area of 0.6 ha of the Columbia River near the 
Bonneville Dam was capped using a 0.5 m thick layer of 300 mm riprap stones, overlaying a 
0.3 m thick layer of 150 mm gravel (Dailer and Gentry, 2004). A non-woven geotextile was 
placed below the gravel to provide support over the contaminated sediment. The underlying 
sediment has a varying thickness of 1 to 6 m. Monitoring was limited to diver video recording 
and surface survey but its results are not available at this time; however, the report indicates the 
cap has satisfied the requirements of preventing direct contact between human receptors with 
contaminated sediment, and has contained the contaminated sediment in place. They also report 
that minor scour occurs on the surface of the cap due to tide variation, but that it has been rapidly 
filled by natural sedimentation. 
A similar non reactive sand cap was built in 2000 on Lake Turingen, Sweden. 
Contaminated sediment was partially dredged to remediate an area of 40 ha of the 100 ha of lake 
(Bergman et al., 2005). The area was covered by a sand cap 20 to 40 cm thick in order to provide 
physical isolation and inhibit resuspension of contaminated particles. About 80% of the 
remaining contaminated area was covered by artificial sediment based on aluminum hydroxide in 
2003. The monitoring program includes tasks on water quality, measuring the falling sediment, 
bottom sediment, zooplankton, macro-benthic fauna and fish. The results are obtained yearly, and 
indicate total mercury concentrations in stream water have been reduced as well as mercury levels 
in biota. The report mentions significant consolidation of the sediment bed, but does not offer 
specific details on the subject. The monitoring program has verified the isolation objective of the 
capping solution, and is estimated to continue four additional years. 
Another example of an in-situ pilot capping was carried out in Denmark on 2003. The 
capping area measured 25 m x 25 m, with a cap thickness of 0.5 m of sand (d50 = 0.18 mm) 
(Ronberg and Vestergaard, 2003). Two additional smaller sites were capped using a geotextile at 
the base or middle of the capping layer. The geotextile was placed to reduce bioturbation and to 
delineate the contact between the contaminated sediment and the cap. The capping project was 
designed to isolate the contaminated sediment from the environment, and to protect it from the 
hydrodynamic forces of the water column. Results on the first of a three year monitoring program 
show that contaminants were restricted to the bottom 4 cm of the cap (caused during installation 
and one year of sediment consolidation). Furthermore, the program indicates bioturbation was 
confined to the top 15 cm of the cap. Consequently, the results show that the use of geotextiles in 
capping projects help to successfully isolate the contaminated sediment from the environment. 
Alum contaminated sediment at the Columbia River in Portland Oregon was protected in 
2005 with a 15 to 24 in. thick cap. The cap was built with a geotextile base supporting a 3 in. 
thick layer of gravel and a 12 in. minimum thick layer of uniform graded small riprap (Dailer et 
al., 2007). Average sediment thickness ranged from 1 to 12 ft, and was up to 16 ft thick. The main 
purpose of the cap was the protection of the contaminated sediment from the erosive forces 
caused by the current and 1 to 2 ft tidal waves. The depth of affected sediment by the cap is 16 ft 
below the mud line. A total settlement of 2.5 in. on the outboard area and 1 in. on the inboard area 
was measured using six settlement plates on the capped area. The post-construction monitoring 
program includes a provision for a survey and videotape inspection after a 100 year flood event, 
in addition to yearly monitoring events not available in this report. 
The Pine Street Barge Canal Superfund Site in Burlington, Vermont is an additional 
example of a non-reactive capping project, where a geotextile covered by 1.5 to 4 ft of sand 
covered an area of 100 ft x 100 ft of the contaminated area. Crushed stone was used in some 
sections to provide erosion protection (Studlien, 2006). The remediation program included 
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construction of a weir to monitor ground water quality, and limitations on the use and access to 
the site in addition to the construction of the cap. An extensive monitoring program was placed to 
verify that contaminants do not migrate to Lake Champlain, verify groundwater quality, review of 
stormwater management, review of contaminant transport, and verification of cap integrity. 
Bathymetry measurements are to be conducted at 1, 3,4, and 10 years after construction but 
results are not yet available; however, the report indicates some areas of the cap did not meet the 
performance standard for isolation of contaminants. Contaminant migration was identified as an 
issue given the expansion of the contaminant plume. Thus, required modification of the 
monitoring program and recommendations to develop a plan to control and eliminate ongoing 
NAPL releases. 
The last example of non-reactive containment is an impermeable membrane constructed 
in Tacoma, Washington in 2003. For this site, it was necessary to prevent sediment pore water to 
be move into the water column. The cap was designed as a High Density Polyethylene (HDPE) 
membrane, 0.375 in. thick, covered by an 18 in. thick layer of water-way cap material (Braun et 
al., 2005). The organic silt on the site was estimated to be a 12 ft thick deposit and was estimated 
to settle 11 in. for a 3 ft thick sand cap, which is clearly indicates the significant sediment 
compressibility. Moreover, the time required to reach 50% of consolidation without the 
impermeable layer was calculated to occur at 45 to 90 days, and 90% of consolidation at 190 to 
380 days. It is evident from the consolidation analysis assumptions that field consolidation times 
will be greater than those initially calculated, mainly because of the presence of the impermeable 
cap at the top of the system. A monitoring program was conducted annually up to 5 years after 
construction, and then at 7 and 10 years. The purpose of the monitoring program was to 
determine long-term stability of the impermeable cap, and subsurface and cover sediment 
conditions. No results are yet available from the monitoring program. This project presents an 
extreme in-situ capping approach because it completely impedes the ground water flow through 
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the capped area, and forces the flow to deviate from its natural path and possibly contaminate 
adjacent areas. 
Similarly, research on the use of reactive materials to bind and remediate contaminants 
has been done for the past 10 years. The following presents a brief description of the research 
done on this matter around the world and at UNH. 
The use of Zeolites (porous aluminosilicate minerals) as reactive materials for capping of 
contaminated sediments was introduced as an alternative for active barrier systems in Germany in 
1999. A reactive material must meet technical requirements of physical and chemically stability, 
must provide an active retention of contaminants, and allows sufficient hydraulic conductivity 
(Jacobs and Forstner, 1999). This investigation focused on the reactive properties of Zeolites, and 
concluded they are an adequate material to be used as reactive barriers for contaminated 
sediments, mainly because they inhibit the release of contaminant from the sediment into the 
surface water meeting both economical and technical requirements posed by the active barrier 
concept. 
An additional specific study in 2003 on the use of Zeolite for lead remediation showed its 
significant sorption capacity on deionized, brackish water and seawater (Sheahan et al., 2003). 
The report proposes the use of Zeolites as part of a geotextile based reactive barrier. 
Subsequently, the same research presents results of consolidation tests on geotextiles-sediment 
samples (Sheahan and Alshawabkeh, 2003; Sheahan et al., 2003), but do not provide information 
about the long term behavior of the geotextile-sediment filter system. 
Activated Carbon, Coke, organic soil and sand have also been proposed to sequestrate 
PCB contaminants as part of amended thin layer sediment caps (Murphy et al., 2006). This study 
concludes that a layer of 1.25 cm of Coke or Activated Carbon covered by a 15 cm sand cap 
provides isolation times greater than 500 years between the water column and the contaminated 
sediments. The study concludes that Activated Carbon provides 2 to 3 orders of magnitude longer 
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isolation times than Coke and organic soil, and 5 to 6 orders of magnitude longer isolation times 
than sand only; furthermore, the study included tests where water seeped through the soil at 
comparable field rates (< 10 cm/day), and Coke and organic soil provided chemical isolation of 
about 20 years, while Activated Carbon isolated contaminants for nearly 200 years. 
Consequently, this study shows the importance of evaluating in-situ ground water flow conditions 
and understanding the reactive material performance with in-situ contaminants under field 
conditions. 
In 2007, sand, Zeolite and Gypsum were studied in lab-scale batch column tests to 
stabilize the phosphorous release from contaminated sediments in Korea (Yun et al., 2007). The 
report indicates Gypsum reduced 90% the phosphorous release compared with an untreated 
column. When using Zeolite and sand, the measured reduction efficiencies were 60% and 14%, 
respectively. 
Organoclays (modified bentonites) have also been tested to efficiently remove 
Polynuclear Aromatic Hydrocarbons (PNAH) from contaminated sediments (Alther, 2007). The 
report indicates reductions of pesticides between 24% and 44%, and reduction of phenolic 
compounds between 78% and 98%, all by organoclay weight. 
As part of the same project of this dissertation, UNH studied the sorption capabilities of 
Apatite, coconut shell activated carbon and three compositions of organoclays for PCB and PAH 
sequestration. The report concludes that the presence of humic acid interferes with the kinetics 
and sorption equilibrium of activated carbon for PCB and PAHs (Sharma et al., 2007). 
Reactive materials like Activated Carbon, Organoclays, Apatite and Zeolites have been 
laboratory tested to effectively sequestrate various contaminants from contaminated sediments, 
and first pilot-scale test caps begin to be built in the field. The following are some of the few 
examples currently available where in-situ capping for isolation purposes has been combined with 
reactive materials to remediate contaminated sediments. 
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A reactive cap based on Organoclay to remediate and contain contaminated sediments 
was designed for a site in Tacoma, Washington in 2002. The cap was designed as a 1.2 m thick 
layer of organoclay used as a sorbent material, covered by 0.3 m of sand used for protective 
purposes (Kellems et al., 2002). The cap was designed based on guidelines presented by Palermo 
et al. 1998, and covered an area of 750 m2. Partitioning coefficients for in-situ contaminants and 
organoclay were obtained as part of this study. The total sorbent design life was estimated to be 
50 years based on the thickness required for dissolved PAHs and sequester NAPL. Unfortunately, 
this design was not built, but valuable information about the laboratory testing and design 
procedure was developed for other sites remediation. 
A reactive barrier based on sand and Activated carbon was used to protect and remediate 
an area of 500,000 ft2 at Striker bay, Duluth, Minnesota in 2006. The cap was designed as an 
activated carbon layer encapsulated between geotextile fabrics, supporting a 15 cm thick 
Activated Carbon/sand mix under a 75 cm layer of sand (Olsta and Hornaday, 2007). The design 
provided a removable surcharge of 2 to 2.5 m of sand to compress and consolidate the underlying 
sediments. This project showed the convenience of having a system to transport the reactive 
material to the site, and the ease to control the construction of a homogeneous reactive cap over 
the contaminated area. Unfortunately in this case, the 2 to 2.5 m thick layer of surcharge sand 
represents additional costs from clean sand, fill construction, and then removal, treatment and 
disposal of the now contaminated sand. In addition, because of the surcharge, the project included 
a 500 m long sheet pile to confine the capped area. 
A similar reactive capping project was conducted at Fox River, Chicago in 2007. Four 
capping alternatives were tested to address different contaminants: Sand as the control test, 
Granular Activated Carbon/Geotextile for organic sequestration, Apatite/Clay for metals and as 
an hydraulic barrier, and Nitrate-salt amend to stimulate anaerobic degradation (Zhao et al., 
2007). The project aimed to reclaim part of the Turning Basin to support a walkway on a sheet 
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pile wall. The reclaimed contaminated sediment near the shore of the basin was covered by the 
reactive cap and a clean fill up to the walkway level. The reactive cap was designed as a Geonet 
supporting a geotextile sandwich filled with GAC, and covered by a highly permeable sand layer 
and a final Geonet to separate the cap from the clean fill. The upper Geonet will serve as a 
channel for any biogenic gas released by the sediment. 
UNH has tested the performance of Apatite in a field scale mat on Anacostia River, 
Washington D.C. Reactive caps covering areas of 25 m x 25 m tested Coke, Apatite, 
Aquablock™, or sand, with varying thickness of 13 to 18 in. were deployed and monitored for 24 
months (Melton et al., 2005; Reible et al , 2006). Tidal amplitude ranged between 0.3 to 0.6 m, 
ground water flux was measured at the site and averaged 4 cm/day and fluctuated 1 cm/day due to 
tide variation. Settlement due to tide variation was less than 1 mm per cycle. In addition, 
inclinometers showed a 20 mm uplift followed by a sudden deflection of 70 cm near the edge of 
the Aquablock™ mat (Lampert et al., 2007). Similar raise and deflection cycles occurred every 
30 to 45 days throughout the summer, and eventually ceased on the winter season. It is believed 
this behavior was caused by accumulation and release of gases beneath the mat. Aquablock™ is 
composed of clay and its swelling is part of the thickness design; it is possible that after swelling 
of the clay fraction, and given the low permeability of clays, an impermeable layer formed 
underneath the mat trapping the gas produced by the sediment. Finally, no measurable migration 
of contaminants was observed in any of the caps. 
These examples of reactive and non-reactive capping applications were developed 
following basic principles of geotechnical engineering and contaminant transport analysis. 
Specific recommendations for design of in-situ capping projects were given by Ling et al. (1996) 
and later expanded to design guidelines by the US Army Corps of Engineers (Palermo et al., 
1998). The guidelines are based on isolation of the contaminated dredged material, stabilization 
preventing resuspension, and reduction of the flux of dissolved contaminants into the cap and the 
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water column. The cap is designed as a thick layer of sand, which requires a considerable amount 
of material and risks modifying the navigability in the area; furthermore, it applies a considerable 
weight on top of the soft sediment and the magnitude and rate of consolidation become an 
important design issue, as well as the reduction of sediment permeability due to the increase of 
effective stress in the sediment-cap contact region. The guide provides indications for typical 
consolidation, slope stability, bearing capacity, and erosion analysis, and a monitoring program 
based on site conditions; however, the guidelines lack special considerations to the fact that the 
uppermost sediment is always underwater and in a very loose state due to water movement, and 
do not consider that the cap is deployed over a very soft soil without removing any in-situ 
material; consequently, the approximations on typical consolidation analyses proposed by 
Casagrande and Taylor do not accurately represent the early stages of the consolidation process 
for this particular application. Furthermore, the guidelines do not include the rate of the 
consolidation as part of the design process, despite the fact that it controls the advective transient 
flow of contaminated water from the sediment into the cap. 
As previously stated, the in-situ active capping system studied here requires a reactive 
material bounded by geotextiles and overlaid by approximately 0.3 m of clean sand. Several 
aspects are expected to be relevant to estimate the performance of this new technology: 
permeability reduction of the upper sediment as it is the first to consolidate, drastic reduction of 
soil volume during early stages of the consolidation process due to the soft nature of the 
sediment, transient contaminant transport while consolidation and reduction of sediment 
permeability occurs, and short- and long-term behavior of soil-geotextile systems. 
It is also understood at this point that the load induced by the weight of the mat and the 
layer of clean sand is sufficient to cause significant consolidation of the contaminated soft 
sediment. In addition, the long term clogging behavior of geotextile-sediment system plays an 
important role in evaluating long term performance of the reactive capping system. Also, the final 
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purpose of in-situ active capping is the isolation and remediation of the contaminated sediment; 
therefore, it is of special interest to study the transport of contaminants due to the presence of the 
active cap, and how it may affect the boundary conditions of contaminant transport. Hence, the 
need to use numerical models to properly analyze the consolidation, settlement, varying sediment 
permeability, and contaminant transport on deployment and during service life of the capping-
remediation system. These subjects are covered in the following chapters of the dissertation, and 
a specific literature review on each subject is presented then. 
15 
2 GEOTECHNICAL BEHAVIOR AND MODELING 
OF SOFT SEDIMENT CONSOLIDATION 
This chapter presents the results of research done on the geotechnical behavior of soft 
sediment during consolidation, and includes a technical discussion of the current limitations of 
numerical modeling of consolidation for capping applications. A number of key findings on the 
subject of consolidation of soft sediment are presented and discussed, and recommendations to 
improve its numerical modeling are given based on laboratory data, and a validation procedure of 
the available constitutive models. 
2.1 Introduction 
Fine grained soft sediment is normally composed of a mixture of particles of earth and 
organic origin e.g. dust deposits, skeletons, shells, vegetation, etc, and it is a very low-
permeability material. In general, the slow underwater deposition process results in normally 
consolidated sediment; although, it can also result in under-consolidated sediments when particle 
accumulation occurs faster than consolidation. Recently deposited particles are barely in contact 
with each other, mainly due to a lack of confinement and groundwater flow. Therefore, it is 
reasonable to expect this open structure to be more permeable than the underlying sediment, 
given that it resembles more a suspension state than a solid state. Furthermore, this open structure 
holds more contaminated water than the underlying sediment, so it is in the best interest of 
capping design to accurately account for the water that is filling the voids within the 
contaminated region. 
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In civil engineering practice, the superficial layer of soil is commonly removed or 
improved so the project can be founded on more competent soil; however, the main purpose of 
in-situ capping of contaminated sediment is to minimize disturbance of the superficial layer. 
Hence, it is of special significance to understand the geotechnical behavior of soft sediment 
during consolidation at very low stress levels, and its implications for in-situ capping design. 
The weight of the cap induces consolidation and reduction of the sediment's void ratio. 
These changes imply a decrease of the permeability (Mesri and Olson, 1971), and may modify 
the groundwater flow conditions (Kodikara and Rahman, 2002) at the site. This is particularly 
important since the most superficial layer is the first to consolidate, hence, the first to experience 
a reduction of permeability. In addition, the soft structure of the sediment makes it susceptible to 
self-weight consolidation, which is over predicted by linear models (Papanicolaou and Diplas, 
1999), and the use of nonlinear analysis is therefore a more realistic approach (Zhuang et al., 
2005). The load applied over the sediment (protective sand plus reactive core mat) requires a 
careful evaluation of the consolidation parameters at low stress levels, and how they will vary 
during consolidation. However, many consolidation theories have been developed to study soil 
consolidation, each requiring a different set of parameters and with its own limitations. 
All consolidation models require a careful evaluation of the consolidation process either 
under laboratory or field conditions. In general, a consolidation test step includes measurements 
of the applied load and sets of time and settlement until the end of consolidation. Then, the load is 
increased and similar measurements are taken. The process is again repeated until the expected 
range of field pressures is covered in the test. 
A simplified seepage consolidation test is used to evaluate the consolidation behavior of 
soft sediments under low loads, while behavior at normal loads is obtained from typical one 
dimensional consolidation tests. Strong agreement of seepage and oedometer consolidation test 
results show the applicability of the test (Imai et al., 1984). However, a modified two-stage 
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procedure for the hydraulic consolidation test was later applied to soil slurries (Fox and Baxter, 
1997), and a new simplified seepage consolidation test is now used to study the compressibility 
and permeability characteristics of soft sediments at low effective stress levels (Sridharan and 
Prakash, 1999). The results of the new simplified test also show excellent agreement with 
oedometer test results at normal stress levels. A detailed explanation of the simplified seepage 
consolidation test is presented in the following section on soft sediment consolidation tests. 
Finally, the consolidation analysis appears to be a ID problem for reactive capping 
projects; however, there are complex phenomena developing around the reactive cap's edges that 
may influence the permeability reduction near the cap's edge. The sediment beneath the cap is 
consolidating, increasing effective stress, and reducing its permeability. These changes are caused 
by the weight of the cap being transferred to the underlying soft sediment. Conversely, the 
sediment around the cap will not directly experience these effects and a 2D analysis is then 
required to account for the interaction between these two zones. The differential settlement 
(distortion) between the capped and the uncapped sediment may induce critical ground water 
flow conditions and undesirable transport of contaminants. Also, preferential flow paths may 
develop due to change in sediment permeability. These complex phenomena are modeled and 
studied using various soil constitutive models, and recommendations are given about its use and 
limitations. 
In order to study the complex behavior of consolidation of soft sediment and how it 
affects the performance of the cap, it was necessary to develop detailed numerical models to 
simulate the interaction between the consolidation process (transfer of excess pore pressure to 
effective stress), and the transient advective water flow from the sediment to the water column. 
There are several constitutive models available in the literature to simulate soil consolidation, 
which were developed from different mechanical principles. The input parameters required to 
implement such constitutive models vary. However, based on the already available constitutive 
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models in commercial geotechnical software, a number of geotechnical parameters was identified 
to be used for the simulations, and geotechnical tests were carried out to measure said 
geotechnical parameters. The geotechnical tests included characterization, shear strength, and 
seepage and one dimensional consolidation tests. 
Finally, the results of these tests were used to develop numerical models to simulate the 
consolidation process and the advective water flow from the sediment to the water column. The 
results of the simulations included the rate of settlement during consolidation, the stress state of 
the sediment during and after consolidation, and the water flux being expelled from the 
consolidating sediment. 
The following section presents the characterization of two marine sediments used as part 
of this research to study the consolidation behavior of soft sediment. 
2.2 Materials and Characterization 
The behavior and modeling of soft sediment consolidation was studied using two soft 
sediments. One sediment was obtained from a fresh water environment at the Piscataqua River, 
NH estuary. The second sediment was obtained from a brackish water environment at 
Cottonwood Bay, Texas. Sediment samples obtained from the two environments were used to 
study the consolidation behavior of soft sediments, and the results will be presented the following 
section. 
Samples of both sediments were sent to an external contractor for Atterberg limits 
(ASTM-D 4318-05) and Organic Content testing (ASTM-D 2974). Figure 2.1 shows the 
plasticity chart for both sediments. 
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The sediment from the Piscataqua river estuary was a grey silt with sand, with low 
plasticity silt and clayey fractions (ML-CL), fully saturated, organic content of 4.2%, and 75% 
passing sieve No. 200. The liquid limit (wL) is 33% and the plasticity index (IP) is 8%. The 
characteristics of this sediment indicate strong similarities to the silts found in offshore California 
sites, where the 60 to 90% of the soil passed the No.200 sieve, wL 20-40% and IP 3-12 (McNeilan 
andBugno, 1985). 
The sediment obtained from Cottonwood Bay, Texas classifies as fat clay, fully saturated, 
organic content of 5.8%, 100% passing sieve No. 200, wL 160% and IP 123%. This sediment is 
highly plastic and falls in the mid-low range of highly plastic soils found in Mexico City, where 
the wL ranges from 80-360%, and IP varies from 40-270% (Covarrubias Fernandez, 1994). 
Both soils had a strong odor, especially while remolding or when sealed for long periods 
of time, which indicates organic content and bacterial activity. 
• Piscataqua River 
o Cottonwood Bay 
0 20 40 60 80 100 120 140 160 180 200 
Liquid Limit, wL [%] 
Figure 2.1 Plasticity chart of Piscataqua and Cottonwood Bay sediments 
Table 2.1 lists the ash content, percentage of organic matter, and a summary of the 
Atterberg Limits measured on both sediments. 
20 
The grain size distribution was obtained by sieve and hydrometer tests (ASTM-D 422-
63). The corresponding grain size distributions of both sediments are shown in Figure 2.2. 
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Figure 2.2 Grain size distribution of Piscataqua and Cottonwood Bay sediments 
These sediments represent the two sides of a wide range of fine grained sediments, 
varying from very low plasticity (8%) to high plasticity materials (123%). The next section 
presents the results of consolidation tests and a discussion about the special considerations 
required for a detailed study of soft sediment consolidation. 
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2.2.1 Consolidation Tests 
In general, fine grained underwater sediments are very soft, highly-deformable materials, 
and the sediment permeability and geotechnical properties are known to change with strain. The 
sediment's high susceptibility to deformation requires a detailed analysis of the soil behavior at 
low stress and strain levels, especially on projects where the most superficial layer of soft 
sediment cannot be removed (e.g. contaminated sediment capping using reactive core mat). In 
this case, assuming a minimum of a 0.3 m thick layer of clean sand is deployed to protect the 
submerged reactive core mat, the effective stress applied on the mat-sediment contact is: 
°' = (Ysat ~ Ywater) ' D = ( l 8 ^ - 9.81 g ) • 0.3m = 2.457 ^ Equation 2.1 
Where: a' Effective stress applied by the reactive capping system, FL"2 
Ysat Assumed unit weight of clean sand, FL"3 
Ywater Unit weight of water, FL"3 
D Thickness of protective layer of sand, L 
One dimensional consolidation tests via ASTM-D 2435 (ASTM, 2004) require a seating 
pressure of 2 to 5 kPa to keep the sample from swelling. In addition to the seating pressure, there 
is an additional pressure caused by the weight of the porous stone and the loading plate used to 
apply the load on the sample. By comparing the effective stress applied on the mat-sediment 
contact (2.457 kPa) to the initial pressure on the one dimensional consolidation test (> 2 kPa), it is 
clear that an additional test is required to investigate the compressive behavior of soft sediment 
during consolidation at very low stress levels (< 5 kPa). That is, the one dimensional 
consolidation test does not provide information of the mechanical behavior during soft sediment 
consolidation at low stress levels. 
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The seepage consolidation test provides the tools required to measure the consolidation 
behavior of soft soils starting at even lower stress levels than those provided by one dimensional 
consolidation tests. The first test procedure using the seepage force to induce consolidation was 
developed to study the consolidation behavior of dredged fluid mud on filling applications. In 
general, seepage consolidation theory is based on the distribution of pore water pressure along the 
sample, water content, and velocity of the flow passing through the sample to estimate the 
consolidation properties (Imai, 1979). Additional examples of the use of this extensive procedure 
were presented for very soft clayey soils (Imai et al., 1984) and provided good agreement with 
traditional one dimensional consolidation tests. 
A simplified seepage consolidation test was later introduced for soft sediments (Sridharan 
and Prakash, 1999), where a series of hydraulic gradients are applied to the soil sample, and the 
effective stress and vertical settlement are measured at each stage. The simplified seepage 
consolidation test starts with the saturated and self-weight consolidated sediment in a 













Figure 2.3 Setup for the simplified seepage consolidation test 
A hydraulic gradient is applied to the sample using the intake and outflow reservoirs until 
the system reaches a constant flow rate and the sample stops settling. The settlement of the 
sediment is measured using a fine scale placed on the permeameter wall. At this point, a falling or 
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constant head test is used to determine the hydraulic conductivity of the sample. The procedure is 
then repeated for several hydraulic gradients. The measured lengths of the sample at each step, 
and the dry mass measured at the end of the test are used to compute the average void ratio and 
strain of the sample. The effective stress at each step is determined as: 
<*' = YsubL + Ywaterh Equation 2.2 
Where: a' Effective stress acting at the base of the sample, FL"2 
Ysub Submerged unit weight of the sediment, FL"3 
L Length of the sample, L 
Ywater Unit weight of water, FL" 
h Head inducing the water flow, L 
Values of strain, void ratio, permeability and effective stress are obtained for each step, 
and the coefficient of consolidation and the coefficient of volumetric compressibility required for 
the numerical models are computed as follows: 
Equation 2.3 
Ywater'^v 
Where: cv Coefficient of consolidation, L2T"' 
k Permeability, LT"1 
Ywater Unit weight of water, FL"3 
mv Coefficient of volumetric compressibility, F"'L2 
= —-—— Equation 2.4 
O'f-O'O 
Where: mv Coefficient of volumetric compressibility, F"'L2 
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e0 Initial strain, LL" 
ey Final strain, LL'1 
cr'0 Initial effective stress, FL"2 
a'f Final effective stress, FL"2 
Strains were computed by dividing the change of length of the sample by its length at the 
beginning of the consolidation stage. 
Soft sediment consolidation at stress levels greater than 10 kPa were studied using the 
one-dimensional consolidation test ASTM-D 2435, and some overlapping stress levels were used 
to provide consistency to the results of both types of consolidation tests (seepage and one 
dimensional consolidation). This test is commonly used to study soil consolidation, but as 
mentioned before, for reactive capping on soft sediment the stress imparted by the porous stone 
and cap is comparable or in excess of the stress imparted to the sediment by the cap, so the test 
does not provide needed data about the initial consolidation of the sediment. Hence, the 
information at low stress levels (< 10 kPa) was obtained from seepage consolidation tests. 
The following sections present a detailed description of the results obtained on seepage 
and one-dimensional consolidation tests, carried out on sediment samples gathered from 
Piscataqua River and Cottonwood Bay. 
2.2.1.1 Consolidation of Piscataqua River sediment 
One dimensional consolidation tests were carried out on samples from both sites. The 
samples were prepared by slurrying the sediment at a water content 1.2 times the liquid limit, so 
the slurry mixture was liquid enough to flow into the oedometer. The sample was then kept under 
vacuum for 24 hr to remove trapped air, and then it was slowly deposited in the 2.5 in. diameter 
oedometer minimizing the inclusion of air in the sample. The sample was allowed to settle for 
24 hr until it reached constant volume. 
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Then, the first load step was the sum of the weights of the porous stone plus the loading 
plate, and the bearing ball. No seating pressure was used to avoid undesired consolidation, and 
the load increment ratio was kept at 2 for loading and unloading stages. 
The compressibility of the soft sediment in terms of strain at all effective stress levels 
obtained on the seepage and one dimensional consolidation tests is shown in Figure 2.4, and in 
terms of void ratio in Figure 2.5. The void ratio was computed as the volume of voids divided by 
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Figure 2.4 Consolidation of Piscataqua River sediment. Strain vs. a' 
The results show excellent agreement between the consolidation obtained from seepage and one 
dimensional consolidation tests. Only three points are presented for the seepage consolidation test 
because each point takes nearly ten days of test time, and the main objectives of this test was to 
verify consistency between the consolidation tests and determine the compressibility at low stress 
levels. The weight of the basic equipment used to apply the load in the one dimensional 
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Figure 2.5 Consolidation of Piscataqua River sediment. Void ratio vs. a' 
The coefficient of consolidation as a function of the effective stress is presented in Figure 
2.6, and the variation of the coefficient of volumetric compressibility is shown in Figure 2.7. 
Inspection of the results indicate that at 7 to 8 kN/m2 there is an inflection point in the 
consolidation behavior of soft sediments, and that the soft sediment compresses more rapidly at 
low than at high stress levels. That is, the settlement rate at low stress levels is greater than the 








- - -i i- t - ' f t - H i * — * 
ioo 4 
10 
• i ' i m ' i 1 1 1 . i n 
• Oedometer test 1 
O Oedometer test 2 
T Seepage consolidation 
I t j i ' n V ' i [ ' ' p i ' 1—I I I • i 
! IT?" , • ' r -•' - -- M -t* I 
* ~* ~ * » L.i l , L J 
4-
:
 I j 
^ . . , . , I . . . 
1 1 • ' . 
' ' '
 st! 
I ; H , 
I • ' ' 
, ' ! j j i ' 
0.1 1 10 100 
Effective Stress - [kN/m2] 
1000 
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Figure 2.7 Coefficient of volumetric compressibility of Piscataqua River sediment 
The coefficient of consolidation at different void ratio during consolidation is shown 
Figure 2.8, and the variation of the coefficient of volumetric compressibility is presented in 
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Figure 2.9 Coefficient of volumetric compressibility 
The results show a critical value of void ratio of 1.52, where there is a drastic change in 
the trend of both coefficients. The variation of the coefficient of volume compressibility indicates 
the sediment stiffens at void ratio less than 1.52. 
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Compression of the soft sediment sample reduces its permeability, and the magnitude of 
this change can be obtained from both seepage and one dimensional consolidation tests. Figure 
2.10 shows the variation of the permeability with the effective stress, and Figure 2.11 shows the 
variation of the hydraulic conductivity with void ratio. 
The results again show a change in the structure of the sediment at a void ratio of 1.52 or 
effective stress of 7 to 8 kN/m2, going from a very open structure with wide pore spaces at low 
stress levels to a close structure with narrower pore spaces at higher stress levels. In addition, the 
permeability decreases by almost three orders of magnitude when the effective stress increases 
from the zero to 7 to 8 kN/m2, and further load increase (up to 1000 kN/m2) reduces the hydraulic 
conductivity by one order of magnitude. This result is of special significance for reactive core mat 
design because it shows the in-situ permeability profile, and how it can be affected by the weight 
of the cap. 
0.1 1 10 100 1000 
Effective Stress, & - [kN/m2] 
Figure 2.10 Permeability vs. effective stress for Piscataqua River sediment 
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Figure 2.11 Void ratio vs. Permeability for Piscataqua River sediment 
Similar consolidation tests were carried out on the sediment of high plasticity obtained 
from Cottonwood Bay, Texas, and the results are shown in the following section. 
2.2.1.2 Consolidation of Cottonwood Bay sediment 
Consolidation curves for this sediment were obtained from one dimensional and seepage 
consolidation tests. The results are presented in terms of strain as a function of the effective stress 
in Figure 2.12, and in terms of void ratio in Figure 2.13. 
It is important to mention that only one seepage consolidation step was possible on this 
sediment due to its low permeability (see Figure 2.18), which promoted water flow alongside the 
permeameter wall instead of through the sediment sample after 30 days of test time. Though only 
one step was carried out, the result follows the observed trend of the one dimensional tests. 
Inspection of the results shows that the pressure caused by the porous stone, loading plate and 
bearing ball (2.457 kPa) induces 33% of strain on the sample. 
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Figure 2.12 Consolidation of Cottonwood Bay sediment. Strain vs. a' 
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Figure 2.13 Consolidation of Cottonwood Bay sediment. Void ratio vs. a' 
Figure 2.14 shows the variation of the coefficient of consolidation with effective stress 
for this sediment, and Figure 2.15 presents the variation of the coefficient of volumetric 
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compressibility. The inflexion point in the compressibility of the sediment occurs at 6-7 kN/m 
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Figure 2.15 Coefficient of volumetric compressibility of Cottonwood Bay sediment 
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The variation of the coefficient of consolidation with the void ratio is shown in Figure 
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Figure 2.16 Coefficient of consolidation 
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Figure 2.17 Coefficient of volumetric compressibility 
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The variation of the permeability with effective stress for the sediment from Cottonwood 
Bay, Texas is presented in Figure 2.18, and in terms of void ratio in Figure 2.19. 
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Figure 2.18 Permeability vs. effective stress for Cottonwood Bay sediment 
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Figure 2.19 Void ratio vs. Permeability for Cottonwood Bay sediment 
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The results show a critical void ratio of 5.8 where the rate of permeability change has an 
inflexion point. Furthermore, this critical void ratio corresponds to an effective stress of 6-
7 kN/m2 and matches the results shown on Figure 2.14. 
In geotechnical engineering practice, the compression index (Cc) and recompression 
index (O) are commonly used to estimate the settlement and the rate of consolidation of soils. 
The corresponding parameters of both sediments are calculated from the Log(cr') vs. e curves 
obtained from the consolidation tests, and the results are presented in Appendix I. 
This section presented the results of the consolidation tests on two soft sediments. The 
following step to study of the geotechnical behavior of the soft sediment is to determine its shear 
strength. The following section presents the results of the shear strength tests on Piscataqua river 
sediment. 
2.2.2 Effective Shear Strength 
The shear strength of the sediment is a measure of the stress level required to induce 
failure. At failure, the sediment is not capable of sustaining any further load increase, while at the 
same time will deform until the yielding load is released or redistributed to adjacent areas. For 
sediment capping purposes, it is important to establish the load required to induce failure 
(unacceptable deformation) of the contaminated sediment bed, mainly because sediment failure 
causes rotational movements facilitating movement of contaminants into the water column. In 
addition, bearing capacity failure of the cap could promote sediment resuspension and later 
deposition over the cap, decreasing its permeability and affecting the performance of the system. 
In general, normally consolidated sediment is non-cohesive because of its recent 
deposition. Direct shear tests on samples from the Piscataqua river estuary were carried out 
following the ASTM-D 3080 standard (ASTM, 2006a) at a displacement rate of 0.04 mm/min. 
The samples were prepared from a sediment slurry at water content 1.2 times the liquid limit. The 
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samples were allowed to settle for 24 hr or when the volume remained constant, then the initial 
void ratio was calculated, and the porous stone and other equipment was placed over the sample. 
Figure 2.20 shows the volumetric strain measured on direct shear tests 1 and 2 on Piscataqua river 
sediment. The figure also presents the void ratio at the end of the shearing phase. The samples 
compress during the shearing phase and do not show any dilatant behavior. The confining 
pressures were selected based on the range of effective stress expected in the field. 
1.005 i 




% 0.990 • 
u 
| 0.985 • 
_3 
** 0.980 • 
0.975 • 
Test 1 
, . .., 
— —. 
=*Xr_-
—•— <T'N= 15kPa 
,— 
-*— a'N = 45kPa 
. • (T'..= 81 tPa 
„__!Ss 
_ _ „ 
L^-A 





2 4 6 8 10 12 
Horizontal displacement [mm] 
14 0 2 4 6 8 10 12 
Horizontal displacement |mm| 
Figure 2.20 Volumetric strain in direct shear tests on Piscataqua River sediment 
Figure 2.21 shows the shear stress acting on the failure plane during the direct shear tests 
1 and 2 on the same sediment samples. The results indicate that the maximum shear occurs at 6 to 
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Figure 2.21 Maximum shear stress in direct shear stress tests 
The strength envelope for Piscataqua river sediment is shown in Figure 2.22. The 
effective friction angle of the sediment is 40°, which corresponds well to the values of 45° 
reported for coastal sediment of similar characteristics from the Gulf of Mexico (Sheahan and 
Degroot, 1997). 
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Figure 2.22 Stress envelope for Piscataqua River sediment 
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Attempts were made to carry out direct shear tests on sediment from Cottonwood Bay, 
Texas. Unfortunately, due to the soft nature of the sediment and after placing the porous stone, 
loading plate and bearing ball over the sample, it settled close to the shearing plane of the direct 
shear box. The application of the confining pressure further reduced the length of sample, and 
made impossible to shear the sample. Therefore, direct shear tests were only obtained for the 
Piscataqua river sediment. 
2.2.3 Discussion on Soft Sediment Geotechnical Characteristics 
The results show excellent agreement between the consolidation obtained from seepage 
and one dimensional consolidation tests. There is an inflection effective stress point in the 
consolidation behavior of soft sediments, that is, the settlement rate at low stress levels is greater 
than the rate at greater stress levels. The inflection point occurs at 7-8 kN/m2 for Piscataqua river 
sediment and 6-7 kN/m2 for Cottonwood Bay, Texas sediment. The inflection effective stress 
point corresponds to a value of void ratio, 1.52 for Piscataqua river sediment and 5.8 for 
Cottonwood Bay, Texas. At these particular inflection points, the sediments change its 
compressibility and decrease the rate of permeability reduction. 
The relationship between sediment permeability, the effective stress and void ratio is 
highly non-linear. PLAXIS is a geotechnical software package developed to solve geotechnical 
applications (Brinkgreve et al., 2007). PLAXIS represents the variation of sediment permeability 
in a numerical model by using a Linear(e)-Log(k) relationship. Using this procedure requires the 
definition of a number of soil layers with different void ratio and permeability, so the proper 
permeability can be defined at different depths. Hence, an additional limitation in the model is 
introduced because the gradual variation of the soil permeability is modeled as a step function 
with depth. 
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Instead of defining the permeability in terms of the void ratio, and forcing the use of a 
number of soil layers to define different values of permeability with depth, it is proposed that the 
soil permeability be represented by a Log(k)-Log(a') relationship rather than by a traditional 
Linear(e)-Log(k) relationship. The Logfk)-Log(a') relationship provides great advantages for the 
definition of a numerical model because the effective stress can be directly related to the soil 
depth; hence, improving and facilitating the definition of the initial in-situ conditions. It is 
proposed to use the following equation to relate the permeability to the effective stress. 
„ Log(k0)-Log(kf) 
Bk = -—-.—r )-—: Equation 2.5 
Log(aif)-Log{ar0) ^ 
Where: Bk Permeability index 
k0 Initial permeability, LT"1 
kf Final permeability, LT"1 
a0' Initial effective stress, FL"2 
a/ Final effective stress, FL"2 
The proposed permeability index can be measured using one dimensional consolidation 
tests, which facilitates it use in engineering practice. The values of the permeability index (Bk) for 
Piscataqua River and Cottonwood Bay sediments are presented in Appendix I. 
This section presented the tests carried out and a discussion of the characteristics and 
compressive behavior of two soft sediments, and the shear strength measured for one of the 
sediment samples. These results offered the information on the geotechnical parameters required 
to develop numerical models of sediment consolidation, which was the next step in the study of 
the geotechnical behavior of soft sediment during reactive capping. 
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However, before a numerical model of a reactive capping field application was 
developed, it was necessary to evaluate the performance of the numerical code and its accuracy 
and limitations to simulate soil behavior. One of the most reliable ways to verify the code 
performance is by simulating the geotechnical tests that were discussed in this section. The 
following section presents a validation of the constitutive models included on commercially 
available geotechnical software, carried out by simulating the very same geotechnical tests 
presented above. 
2.3 Validation of Numerical Models 
Numerical models in geotechnical engineering applications are mainly developed to 
estimate the deformations in the soil mass and/or the ground water flow conditions in the field. 
The equations governing the stress-strain behavior and the water flow in soils are commonly 
solved independently, e.g. decoupled analyses are preferred when the results of the interactions 
can be neglected. However, changes in the strain of the soil mass induce water flow in the soil, 
and changes in the water flow conditions affect the stress state of the soil, which in turns induce 
strain in the soil mass. It is then evident that simulations using decoupled analyses are not 
recommended when large strains are expected to develop in the model, and as shown in the 
previous section, deformations of the soil mass due to the reactive capping weight can reach 
magnitudes ranging 8-40% (See Figure 2.4 and Figure 2.12). Hence, it is necessary to solve a 
coupled equation that represents the stress-strain-water flow conditions in the consolidating soil. 
Some constitutive models have been extensively used and improved to account for 
additional soil behavior features (Carter and Liu, 2005; Lade, 2005b), while new models emerge 
as promising solutions to accurately simulate soil behavior (Papadimitriou et al., 2005; Pestana et 
al., 2005). Characteristics of the soil behavior and examples of the numerical procedure required 
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for an accurate simulation are presented in technical literature (Naylor et al., 1981; Sayed, 1987; 
Wood, 2004; Wood and Gajo, 2005). Given the broad number of constitutive models available in 
the literature, and that one of the main objectives of this dissertation is to develop new 
information that can easily be utilized by the industry, then the numerical models were developed 
using two of the most widely used constitutive models: Elastic-Plastic and Modified Cam-Clay. 
The following sections present a brief description of these constitutive models. 
2.3.1 Elastic-Plastic Constitutive Model 
This model is based on an elastic-perfectly plastic stress-strain relationship. All strains 
are directly proportional to the stresses, and they are related by the deformation modulus. 
However, this model also includes the Mohr-Coulomb yield criterion which limits the stress 
levels that can be reached by the soil mass. Figure 2.23 shows a sketch of the stress-strain 










Figure 2.23 Schematic of the Elastic-Perfectiy plastic constitutive model 
•Modified after GEO-SLOPE-International-Ltd (2007c) 
The main limitation of this model arise from the fact that before the yield point is reached 
all stresses and strains are fully reversible, which is not accurate for soils. In addition, the true 
stress-strain relationship of soils is non-linear, it also varies with the confining pressure, and this 
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model does not account for these soil characteristics. However, this model is widely used in 
engineering practice because extensive information is available about the procedures required to 
properly define the deformation modulus. Additional details about the numerical formulation can 
be seen in Hill (1950) and GEO-SLOPE International Ltd (2007c). 
The second constitutive model used to simulate sediment consolidation is the Modified 
Cam-Clay model. It represents an improvement from the Elastic-Plastic model in the sense that 
accounts for hardening-plastic behavior during reloading stages, and it is described next. 
2.3.2 Modified Cam-Clay Constitutive Model 
This is a critical state model as well as an elastic, hardening plastic model (GEO-SLOPE-
International-Ltd, 2007c). Figure 2.24 shows an analogy between the schematic formulation used 
by the Modified Cam-Clay constitutive mode, and the stress-strain relationship it represents. In 
this model, the stress-strain relationship depends on the in-situ stress state, and the maximum past 
pressure of the soil (pre-consolidation pressure, p \). If the in-situ stress state is less than the 
maximum past pressure of the soil p 'c, then the stress state moves along the overconsolidation 
line. And, if the in-situ stress state equals the maximum past pressure of the soil, then the stress 
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Figure 2.24 Schematic of the Modified Cam-Clay constitutive model 
•Modified after GEO-SLOPE-International-Ltd (2007c) 
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The geotechnical parameters used to define the Modified Cam-Clay constitutive model 
are the maximum past pressure (p 'c), the M-value that defines the critical state line, the lambda 
(k) parameter representing the slope of normal consolidation line, and the kappa (K) parameter 
which represents the slope of the over-consolidation line. All of these parameters are obtained 
from consolidation tests, except for the M-value, which is obtained from the friction angle of the 




Where: Normal consolidation line parameter 
Cc Compression Index obtained from Log(a') vs. e curves 
K = 
Cr 
2.303 Equation 2.7 
Where: K Over-consolidation line parameter 
Cr Recompression Index obtained from Log(a') vs. e curves 
And the M-value is calculated using the friction angle obtained from the direct shear 
tests: 
M = 6-Sin<pr 3-Sin<j>i Equation 2.8 
Where: M Slope of the critical state line in the/? '-q plane 
0 ' Soil friction angle 
Additional details about the numerical formulation of this model can be obtained from 
Atkinson and Bransby (1978), Britto and Gunn (1987), and GEO-SLOPE-International-Ltd 
(2007c). 
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The numerical solution of coupled analyses (deformation and water flow) were carried 
out using the finite element codes PLAXIS v.8 (Brinkgreve et al., 2007) and GEOSTUDIO 
(GEO-SLOPE-International-Ltd, 2007c). The accurate modeling of soil consolidation depends on 
the selection of the constitutive model, material parameters and boundary conditions. Lade 
(2005b) presents a detailed outline of parameters and tests required for using the most common 
constitutive models. Advanced models may contain parameters that are not immediately 
recognizable or do not have immediate physical meaning (Lade, 2005a); however, available 
guidelines and equations provide information for the selection of the constitutive models and 
parameters in geotechnical engineering applications (Brinkgreve, 2005). 
Consolidated drained triaxial tests are modeled to verify the correct performance of the 
shear strength envelope; while one dimensional consolidation tests using the soil properties 
obtained from both sediments are used to verify the strain-pore pressure solution. The results of 
these simulations are shown in the next section. 
2.3.3 Modeling of Consolidated Drained Triaxial Test 
The geometry and boundary conditions to model the triaxial tests are shown in Figure 
2.25. Since the purpose of this model is to verify the performance of the Mohr-Coulomb failure 
criterion, the sediment was modeled assuming an elastic-plastic constitutive relationship, and the 
geotechnical parameters used for the simulation were obtained from the tests described in 
previous sections, and are included in the Appendix I. 
The model is first consolidated to an isotropic effective stress of 100 kN/m2. Then, a 
drained strain-controlled test is carried out by applying a 0.05 mm/s vertical rate of deformation 
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Figure 2.25 Consolidated drained triaxial model 
Figure 2.26 shows the p'-q stress paths obtained from the three tests, and the 
confirmation that a pure frictional material was used with a friction angle of 40°, where the p'-q 
stress plane is defined by: 






Where: p' Average of principal effective stresses 
Maximum shear stress 
Maximum principal stress 
a'3 Minimum principal stress 
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Figure 2.26p'-q stress paths for the drained triaxial tests 
Validation of the coupled stress-strain and pore water pressure dissipation solution is 
done by simulating the consolidation tests described before. The results of these simulations for 
various constitutive models are shown in the next section. 
2.3.4 Modeling of One Dimensional Consolidation Tests 
As mentioned before, two constitutive models were used to simulate soil consolidation: 
the Elastic-Plastic model including the Mohr-Coulomb failure criterion, and the Modified Cam-
Clay developed specifically to simulate soft-soil consolidation. 
The geometry of the model used to simulate one dimensional consolidation tests is shown 
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Figure 2.27 One dimensional consolidation test model 
The geotechnical parameters defining the compressive behavior of soft sediment for the 
Elastic-Plastic and Modified Cam-Clay constitutive models are described in the following 
sections. 
2.3.4.1 Definition of the Elastic-Plastic model 
The Elastic-Plastic model uses the deformation modulus obtained from the one 
dimensional consolidation tests results to relate stresses and strains. A value of Poisson's ratio of 
0.25 was assumed to calculate the deformation modulus from the Oedometric deformation 
modulus, which was in turn obtained from the one dimensional consolidation test results. Details 
about the calculation are presented in Appendix III. 
In addition to the model based solely on the obtained deformation modulus profile, a 
second Elastic-Plastic model was carried out using a modified deformation modulus profile. The 
modified deformation modulus profile was developed so the results of the simulations better 
represented the laboratory tests results. The deformation modulus profile was modified from 0 to 
4 m deep. Figure 2.28 shows deformation modulus profile obtained from the one dimensional 
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Figure 2.28 Measured and modified E' value for soft sediment consolidation 
The modification of the deformation modulus is not supported by any theoretical or 
practical assumptions. It is presented as an exercise that allows the use of the Elastic-Plastic 
model to accurately simulate soft sediment consolidation. 
The second constitutive model used to simulate soft sediment consolidation is the 
Modified Cam-Clay model. The following section describes the interpretation of the tests 
required to obtain the geotechnical parameters for this model. 
2.3.4.2 Definition of the Modified Cam-Clay model 
The geotechnical parameters for the Modified Cam-Clay constitutive model were 
obtained from the results of the consolidation tests. Figure 2.29 shows the e vs. Log(a') 
relationship gathered from the consolidation tests, and the interpretation necessary to calculate the 
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Figure 2.29 Consolidation of Piscataqua River sediment. Void ratio vs. a' 
Given the variability of the Compression Index (Cc) at different stress levels, the three 
models were developed representing the soft, most likely, and stiff portions of the measured e vs. 
Log(a') relationship. 
As previously mentioned, the geotechnical parameters used for the simulation of each of 
the models were obtained from the consolidation and direct shear tests described above, and the 
additional details of the computations are presented in Appendix I. 
2.3.4.3 Results of the constitutive models validation by simulating consolidation test 
The finite element method discretizes the domain in a number of finite elements in order 
to solve the numerical model. This implies that the shape and number of elements comprising the 
mesh should be designed as to minimize mesh dependency of the results, and that the results must 
be verified by running an additional numerical model using finite elements of smaller average 
size. The verification of mesh independency of the results was carried out using the settlement on 
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Figure 2.30 shows the results of this verification by using the settlement obtained from the 
consolidation simulations with the finite element mesh used for all the simulations, and the with a 
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Figure 2.30 Verification of mesh independency of the results 
Two main results are evaluated from all the models. The first result is the strain vs. 
effective stress curve, and the second result is the settlement due to consolidation on a single load 
step. The consolidation curves obtained from the models are presented in Figure 2.31. 
Results obtained from both constitutive models show important differences. The Elastic-
Plastic model fails to properly simulate the deformations occurred at large effective stresses 
(>50 kPa), but it accurately simulates the behavior at low and very low stress levels (note the 
excellent agreement at a ' = 1.4 kPa). However, this excellent representation is only achieved by 
manipulating the deformation modulus profile between a' = [1.4 kPa - 25 kPa] or depths [0.2 m -
4 m]. On the other hand, the Modified Cam-Clay model does not properly account for the 
deformation of the sample at very low loads (1.4 kPa), but provides a parallel behavior for the 
additional load stages. 
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Figure 2.31 Consolidation curves obtained from tests and models 
The results indicate that the variation of the Compression Index (Cc) observed within the 
stress range does not significantly affect the simulation, but the fact that the consolidation at 
cf < 1.4 kPa is not properly simulated, causes an offset of the consolidation curve. 
The consolidation process is transient in nature, and it takes time for the excess pore 
pressure caused by the applied load to dissipate by being transferred to the soil structure in the 
form of effective stress. The results of the 25 kPa load step carried out as part of the consolidation 
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Figure 2.32 Settlement in a load step (25 kPa) obtained from all the numerical models and 
the consolidation test 
By comparing the results of the simulations and the test, it is evident that none of the 
models accurately represent the measured settlement over time. However, the final strain-time 
state can be simulated by using the average Cc measured on the consolidation test for the 
Modified Cam-Clay model, or by using a modified deformation modulus profile on the Elastic-
Plastic constitutive model. 
2.3.5 Special Considerations for Modeling of Soft Sediment 
Consolidation 
Based on the results obtained from Elastic-Plastic and Modified Cam-Clay constitutive 
model simulations, it is proposed the use of an alternating procedure to accurately simulate the 
consolidation behavior (stress-strain-time) of soft sediment from Piscataqua River. It is proposed 
that the Elastic-Plastic constitutive model should be used for very low loads (1 kPa), and a 
Modified Cam-Clay constitutive model for the remainder portion of the load. This procedure will 
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accurately simulate the initial rapid settlement of the sediment surface at effective loads less than 
1 kPa, and the gradual consolidation observed at greater effective stress levels. 
The geotechnical parameters to be used to simulate the consolidation of soft sediment 
were defined in this section. A verification and validation of the modeling procedure and 
constitutive models showed good agreement between the geotechnical tests and the numerical 
models. The next step of this research is to develop a numerical model based on this information 
to simulate a field application of a reactive core mat deployment. The development of this model 
and results are presented in the following section. 
2.4 Consolidation Due to Reactive Core Mat Deployment 
The key aspect of the reactive cap technology is the use of a reactive material sandwiched 
between two geotextiles to sequestrate the contaminants as ground water flows through the mat. 
The reactive cap is protected with an average 0.3 m layer of clean permeable sand/silt. 
The main purpose of the following simulations was to establish the geotechnical stability 
of the cap during consolidation, and to determine the extent of the advective flow induced during 
consolidation. The effects of surge load were investigated on generic numerical model based on 
site conditions found at Anacostia River in Washington D.C., and the geotechnical properties of 
soft sediment presented above. 
2.4.1 Problem Definition 
The plane strain model was based on a typical site suitable for reactive cap technology. It 
was comprised of a sediment profile 8 m thick and 25 m wide. Geotextiles were not modeled in 
order to avoid any stress redistribution. The 0.3 m thick overlaying protective sand layer was 
modeled as a distributed load to induce consolidation of the underlying sediment, which is 
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applied as an effective stress surcharge of 2.457 kN/m2. Free drainage during consolidation was 
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Figure 2.33 Geometry of a generic reactive cap site. Not to Scale. 
The average size of the finite element was 0.1 m, including secondary nodes per element. 
The discretization provided definition of the soil properties and results to a resolution of 0.05 m 
near the cap and increase in size at depth. The mesh was made of 3664 elements, 11173 nodes, 
triangular and squared plane strain finite elements. The same number and distribution of finite 
elements was used for all models in order to avoid mesh dependency of the results. Figure 2.35 
shows the geometry developed in GeoStudio™. Figure 2.34 shows the finite element mesh used 
in the simulations. 
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Figure 2.35 Model of a generic reactive cap site. 
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The geotechnical properties used to represent soft sediment depend on the constitutive 
model used, i.e. Elastic-Plastic models require the deformation modulus profile while the 
Modified Cam-Clay requires the slope of the consolidation curve. These soil parameters were 
obtained in the laboratory phase and described in previous sections of this chapter. 
Three models based on different modeling procedures were developed as part of this 
research. The models were based on the use of the Elastic-Plastic or Modified Cam-Clay 
constitutive models, or the combination procedure of both to properly simulate soft sediment 
consolidation. The following is a brief description of the three models presented next: 
Elastic-Plastic Model: This model simulates the soil behavior using an Elastic 
relationship between the stress and strains in the soil mass. However, the model also 
includes the Mohr-Coulomb failure criterion to limit allowable stress states. The 
deformation modulus profile has been modified as discussed before. 
Modified Cam-Clay: Consolidation of the soft sediment is represented by a 
logarithmic relation between the strain and the stress in the soil, similar to the results 
measured in the one dimensional consolidation tests. This model differs from the 
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original Cam-Clay models in that the yield function has the shape of an ellipse 
instead of a teardrop. 
Elastic-Plastic and Modified Cam-Clay: This third model is presented as an 
alternative to accurately simulate the initial compression observed in the 
consolidation tests (See Figure 2.31), and the gradual consolidation process after this 
sudden initial settlement. For this model, consolidation during the first day of the mat 
deployment is calculated using the Elastic-Plastic constitutive model (allowing the 
accurate estimation of the initial settlement); then, the soil is modeled using the 
Modified Cam-day constitutive model to simulate the gradual consolidation of the 
sediment. 
Each of the three models was run for a simulated consolidation time of 600 days. The 
following section describes the geotechnical parameters used for the three models. 
2.4.2 Elastic-Plastic Constitutive Model 
This first model assumed that soft sediment consolidation is properly simulated using an 
Elastic-Plastic constitutive model, and that the Yield criterion is follows the Mohr-Coulomb 
formulation. All geotechnical parameters were based on the laboratory data presented in previous 
sections, except for the Poisson's ratio which was estimated to be 0.25 (Bowles, 1996). 
The deformation modulus profile was presented in Figure 2.28, and a summary of the 
geotechnical and elastic parameters defined to represent soft sediment is listed in Table 2.2. The 
relationship between the sediment permeability and the effective stress is based on the same 
consolidation tests used to obtain the elastic properties, and it is shown in Figure 2.36. 
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Figure 2.36 Permeability vs. Effective stress relationship for Piscataqua River sediment 
The second model was developed using only the Modified Cam-Clay constitutive model. 
The following section describes the geotechnical parameters used on this case. 
2.4.3 Modified Cam-Clay Model 
The solution of this model serves as lower bound on the magnitude of expected 
settlement as shown on the modeling of one dimensional consolidation tests in Figure 2.31. 
Though this model fails to accurately simulate the initial deformation occurred on soft sediment 
at the early stages of the load application (see Figure 2.31), it better represents the gradual 
consolidation process than the Elastic-Plastic constitutive model (see Figure 2.32). It is expected 
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that the consolidation times obtained from this model are more accurate than the corresponding 
magnitude of the settlements. 
The parameters for the Modified Cam-Clay constitutive model are based on the most 
likely values presented in the previous section, and detailed in Appendix 1. Table 2.3 lists a 
summary of the geotechnical parameters used to define this constitutive model. The relationship 
between the sediment permeability and the effective stress was shown in Figure 2.36. 
Table 2.3 Parameters for the Modified Cam-Clay constitutive model 
Parameter Units Value 
Unit weight, y kN/mJ 16.5 
Poisson's ratio, v 0.25 
Initial void ratio, e 1.75 
Over Consolidation Ratio 1 
Lambda, X 0.04863 
Kappa, K 0.0102 
Effective friction angle, <j)' ° 40 
Volumetric water content m'Vnr3 0.624 
As previously proposed, the recommended procedure to properly simulate the 
consolidation of soft sediment is to use the Elastic-Plastic constitutive model at early stages of 
application of the load in order to account for significant initial deformation. Then, the modeling 
process switches to a Modified Cam-Clay constitutive model to simulate further consolidation. 
This third recommended modeling procedure is described next. 
2.4.4 Elastic-Plastic and Modified Cam-Clay Model 
As previously discussed, it was recommended that an Elastic-Plastic constitutive model 
be used for the early stages of consolidation, and a Modified Cam-Clay constitutive model for the 
remaining consolidation time. This model used the Elastic-Plastic formulation for the first day of 
simulation after the load was applied over the soft sediment, and the Modified Cam-Clay 
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constitutive model from then on. The parameters for the Elastic-Plastic and Modified Cam-Clay 
constitutive models were presented in Table 2.2 and Table 2.3. 
Three models have been defined based on the constitutive model used to represent the 
consolidation of sediment: 1) Elastic-Plastic, 2) Modified Cam-Clay, and 3) Alternating Elastic-
plastic and Modified Cam-Clay constitutive models. The models were implemented in 
GeoStudio™, a commercially available software package used for geotechnical engineering 
applications. The following section presents the results and a discussion of the most important 
findings of the simulations. 
2.4.5 Results and Discussion of Soft Sediment Capping Models 
The consolidation process transfers the excess pore water pressure caused by the weight 
of the cap to effective stress on the underlying sediment. Consolidation is a transient process 
meaning that it varies with time, but it also varies with the distance to the free draining boundary. 
The first result obtained from the three models is the excess pore pressure dissipation along the 
axis of symmetry of the models shown in Figure 2.37 to 2.39. The load applied by the weight of 
the cap was 2.457 kN/m2, but the maximum excess pore pressure observed in the profiles is 
2.1 kN/m2. This appears to not correspond to the load being applied. However, this comes from 
the fact that some of the excess pore pressure is dissipated within the first time step of the 
simulation. Reducing the size of initial time step caused numerical instabilities, but even though 
this initial behavior was not modeled, the excess pore pressure is appropriately transferred to 
effective stress and then to deformation of the soft sediment. The excess pore pressure dissipation 
profiles show similar changes over time on the three models; however, the model based solely on 
the Elastic-Plastic formulation indicates that most of the consolidation occurs within about 300 
days of cap deployment, while the Modified Cam-Clay based models indicate only in about 100 
days. 
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One point 4 m deep along the axis of the model was selected to obtain the excess pore 
pressure dissipation over time. Figure 2.40 shows the results, and indicates that 90% of 
consolidation of this point occurs at about 100 days and 440 days for the Modified Cam-Clay and 
Elastic-Plastic models, respectively. 
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Figure 2.38 Excess pore pressure dissipation profiles - MCC constitutive model 
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Figure 2.39 Excess pore pressure dissipation profiles - EP-MCC constitutive models. 
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Figure 2.40 Excess pore pressure dissipation at depth of 4 m on the axis of symmetry 
The dissipation of excess pore pressure occurs when the total stress is transferred to the 
soil skeleton in the form of effective stress. This change in effective stress results in settlement of 
the sediment surface. Figure 2.41 shows the vertical settlement obtained from the three models at 
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Figure 2.41 Surface settlement at axis of symmetry - AH models 
The results shown in Figure 2.41 clearly show the advantages of using the Elastic-Plastic 
constitutive model at the early stages of consolidation, where there is an important deformation 
not properly accounted for by the Modified Cam-Clay constitutive model. It also shows that most 
of the deformation occurs within 100 days of deployment of the cap. 
An advantage of using 2D models is the possibility of obtaining settlement profiles along 
the cap at several time steps of the consolidation process. This settlement profile also shows the 
extension of sediment affected by the deployment of the mat, which can be used to design the 
capping area of a contaminated site. Settlement profiles for the three models are shown in Figure 
2.42 to 2.44. The maximum settlement obtained from the Elastic-Plastic model is 0.032 m, 
0.014 m for the Modified Cam-Clay model, and 0.026 m for the model combining the two 
constitutive formulations. A maximum settlement of any of these magnitudes (0.014 to 0.032 m) 
! »— Elastic Plastic 
*— Modified Cam-Clay 
EP-MCC 
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for a cap constructed over the bottom of a river can be considered acceptable, mainly because it 
will not significantly modify the hydrologic conditions of the site. 
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Figure 2.43 Surface settlement - MCC constitutive model 
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Figure 2.44 Surface settlement - EP-MCC constitutive models 
Now that the settlement magnitude have been considered acceptable for this type of 
applications, it is important to check for shear strength failure of the underlying sediment. One 
effective way to accomplish this task is by means of the q/p' ratio, or M-value described in 
Equation 2.11. 
Af = i Equation 2.11 
Where: M M-value 
q = — -^—- Deviatoric stress 
p' = —i-—- Mean effective stress 
Maximum principal effective stress 
Minimum principal effective stress 
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The M-value is a measure of the stress state of the soil and can be computed from the 
Mohr's circle diagram of any point in the model. The M-value has a maximum magnitude as 
defined by the Mohr-Coulomb shear strength envelope. Figure 2.45 shows the graphical 
definition of the maximum M-value for the soft sediment, as obtained from the direct shear tests. 
Figure 2.45 Mohr-Coulomb shear strength envelope and M-Value definition 
As mentioned before, the M-value can be computed at all points within the model, and it 
has a maximum value is 1.636 for soft sediment with effective friction angle of 40°. Figure 2.46 
to 2.48 show the M-value contours for the three models: Elastic-Plastic, Modified Cam-Clay, and 
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Figure 2.47 M-Value contours - MCC constitutive model 
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Figure 2.48 M-Value contours - EP-MCC constitutive models 
The M-value contours show that none of the points in the sediment reached its limit state; 
therefore, the soft sediment has not reached the point of shear strength failure. 
Finally, the water flux being expelled from the sediment during consolidation is an 
additional result obtained from the simulations. For this particular application, the sediment is 
assumed to be contaminated; therefore, it is important to establish the amount and rate of 
advective flow being expelled from the sediment during the consolidation process. 
Figure 2.49, to 2.51 show the advective flow during consolidation for the Elastic-Plastic, 
Modified Cam-Clay, and combined model, respectively. 
All advective flow results show a decrease of two orders of magnitude from its maximum 
value within 10 days of consolidation, so most it is reasonable to assume that most of the flow 
occurs within the first 10 days of capping the site. 
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Figure 2.49 Advective flow during consolidation - EP constitutive model 
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Figure 2.50 Advective flow during consolidation - MCC constitutive model 
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Figure 2.51 Advective flow during consolidation - EP-MCC constitutive models 
The results also show the maximum advective flow is about 0.02 m/day, which is 
comparable to the ground water flow measured in Anacostia River, in 2003 (0.01 to 
0.04 cm/day). Then, these results can be used in two steps of the mat design process: establish the 
amount of contaminated water that is expelled from the contaminated zone within the first days of 
consolidation, and verify that the water flux allows sufficient resident time for the reactive 
material in the mat to sequestrate the contaminants dissolved in the advected water. 
Furthermore, the advective flow results are shown up to 1 m beyond the limit of the cap 
(X = 5 m), and they show that consolidation does not significantly promote consolidation induced 
flow around the capped area. 
2.5 Summary 
The soft sediment samples used as part of this research ranged from low plasticity 
(Piscataqua River Ip 8%) to high plasticity (Cottonwood Bay IP 123%). The low plastic silt from 
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Piscataqua River settled nearly 7% by the weight of the porous stone, loading plate and bearing 
ball (1.4 kPa) of the one dimensional consolidation test, while the Cottonwood Bay sediment 
settled nearly 33% under the same loads. This result indicates that following the procedure 
indicated by the ASTM standard to measure soil consolidation, causes the loss of valuable 
information at low stress levels (< 5 kPa). 
The use of seepage consolidation tests to measure the consolidation properties of soft 
sediment at very low stress levels (<1 kPa) provides information consistent with the results of 
traditional one dimensional consolidation tests. However, the time required to obtain one point of 
the consolidation curve might reach up to 30 days as it was the case of the sample from 
Cottonwood Bay. This is caused by the low permeability of the sediment, and the need of 
reaching a steady state flow through the sample at each load step. 
The permeability of the sediment varies significantly with the effective stress, especially 
for the stress levels less than 10 kPa where the reduction of the permeability was 3 orders of 
magnitude with respect to the loosest state possible. 
The Elastic-Plastic constitutive model accurately represented the settlement observed at 
very low loads (<1 kPa), but it failed to accurately simulate transient consolidation process at 
greater load levels. The Modified Cam-Clay constitutive model correctly simulated the slow 
consolidation process of the Piscataqua River sediment. 
An alternating approach was proposed for the development of numerical models for 
consolidation of soft sediment. It was proposed that the Elastic-Plastic constitutive model should 
be used for very low loads (1 kPa), and a Modified Cam-Clay constitutive model for the 
remainder portion of the load. This procedure will accurately simulate the initial rapid settlement 
of the sediment surface at effective loads less than 1 kPa, and the gradual consolidation observed 
at greater effective stress levels. 
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3 PERFORMANCE OF SOIL-GEOTEXTILE 
SYSTEMS 
Reactive cap technology delivers a uniform layer of reactive material (e.g. apatite, 
activated carbon, etc.) over the contaminated sediment. The reactive material is sandwiched 
between two geotextiles, and sequestrates the contaminants as ground water flows through the 
mat. The sequestration of the contaminants by the reactive material occurs due to chemical 
reactions, details on these chemical reactions are presented in on a separate study carried out at 
the University of New Hampshire (Sharma, 2008). Note that the effectiveness of the mat depends 
on the permeability of the sediment/geotextile system, because if the system is fully clogged then 
the reactive material in the cap cannot be in contact with the contaminated water; hence, the 
technology will not work when the reactive core mat is fully clogged. 
Abandoned hazardous waste sites are an important source of contaminated sediments 
identified by the Environmental Protection Agency (EPA) through the Superfund Program. This 
environmental program addresses abandoned hazardous waste sites. Additional contaminated 
sites are commonly encountered in old military installations, and efforts are now being made 
towards the rehabilitation of such sites. The United States navy funded this research through the 
partnership with the Strategic Environmental Research and Development Program (SERDP). 
The SERDP scientific board, in charge of advising the development of this research, 
requested a detailed study on the possible interactions between the geotextile and the fine 
sediment. The main subject of study is the clogging behavior of geotextiles when in contact with 
fine sediments, because of geotextile clogging affects the performance of the reactive material 
and the in-situ ground water flow conditions. An additional request was made to study the 
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migration of contaminated sediment particles through the reactive cap, mainly because the 
technology must effectively act as a separating barrier between the environment and the 
contaminated sediment. A third request of the scientific board requested research on the 
possibility of gas accumulation at the sediment-geotextile interface, due to methane gas generated 
by bacterial activity in the sediment. Biogas can accumulate at the sediment-geotextile interface 
and cause blocking of the advective flow, and destabilizing buoyant forces. In addition to the 
requests of the scientific board, numerical models were developed to simulate different clogging 
scenarios and verify its influence in the water flow conditions within the sediment. 
This chapter presents the results of several filtration tests carried out on geotextiles, and 
on clean and weathered reactive core mats, the results of modeling several clogged geotextile 
scenarios, sediment retention tests, and gas permeability tests on geotextiles. These tests were 
used to evaluate the expected performance of the sediment-geotextile systems in the field. 
The filtration tests provided information on the clogging potential of geocomposite mats. 
Additional tests studied the amount of sediment able to pass through single geotextiles or mats 
during the laboratory tests, and the amount of sediment that moved into the mat during field 
deployment. Ground water flow models based on the clogging potential of geotextiles were 
developed to simulate how the different levels of clogging of the reactive mats affect the ground 
water flow conditions within the contaminated sediment. 
Gas permeability tests were also designed and carried out to study the gas accumulation 
beneath the reactive core mat. Finally, conclusions are presented at the end of the chapter based 
on the short and long term filtration tests, on the observed amount of sediment going through the 
reactive mats, the results of the simulation of geotextile clogging in the field, and the gas 
permeability tests. 
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The following section describes the general considerations of soil-geotextile interactions, 
and a general description of the procedures followed to investigate the performance of sediment-
geotextile systems. 
3.1 Introduction 
Reactive core mat technology serves as the delivery system for reactive material over the 
contaminated sediment. The reactive material placed between two geotextiles sequestrates the 
contaminants as ground water flows through the mat. The mat efficiency depends on the 
permeability of the sediment/geotextile system, because if the system is fully clogged then the 
reactive material in the cap cannot be in contact with the contaminated water, and the technology 
will not work in that case. 
The sediment surface and the geotextile are in permanent contact after deployment of the 
reactive core mat. Ground water flows from the sediment to the water column, and might force 
fine sediment particles into the geotextile pores, which eventually reduces the permeability of the 
geotextile. However, migration of sediment particles into the cap must be minimized in order to 
reduce the possibility of geotextile clogging. An optimal compatibility between the geotextiles 
and the sediment is essential for long term performance of the reactive core mat. 
Current design criteria of filter systems require comparing the geotextile Apparent 
Opening Size (AOS) to a particular grain size of the fine sediment. However, the AOS does not 
represent the minimum size of the constriction found in the flow channel, but it is the nearly 
largest pore opening Size (095) of a geotextile (Aydilek et al., 2005). Hence, important 
information about the constriction size distribution is not used to design soil-geotextile filter 
systems. 
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Methods have been devised to measure the pore structure of the geotextile using image 
analysis, and there is evidence that the tortuosity of the flow channels may play an important role 
on the filtration performance of soil-geotextile systems (Aydilek and Edil, 2004; Aydilek et al., 
2005). The study also recommends the use of the percent open area (POA) and the opening size 
distribution (PSD) to develop filter criteria. 
One way of evaluating the performance of soil-geotextile systems is by running filtration 
tests. Filtration tests have been carried out on residual soil-geotextile systems at different 
hydraulic gradients. These tests measured the permeability reduction of the filter system at a 
particular hydraulic gradient during the first 10 hr (Lee et al., 2002), and showed stable filtration 
systems after 7 hr of water flow. The measured permeability reduction after 12 hr ranged from 75 
to 43% of the original permeability for fine grained soils (45% passing No. 200 sieve), when 
using AOS 75 to 50 geotextiles; which highlights the importance of selecting the appropriate 
geotextile for filter applications. 
Once the reactive core mats are deployed over the fine sediment, there is always some 
uncertainty about the field performance of the filter system. Local variations of the sediment 
grain size distribution, slow migration of fine particles into the mat, or even installation issues 
might decrease the permeability of the cap to values not experienced in the laboratory. The flow 
of water from the sediment to the water column is a key aspect of this application, mainly because 
the reactive material binds the aqueous phase contaminants as they flow through the mat. The 
successful interaction between the sediment and the geotextile depends on the formation of a 
stable structure of particles around the geotextile pores. This stable structure is commonly called 
"filter cake", "bridge structure" or "bridging mechanism". It forms a stable bridge of particles 
around the geotextile pore and water can flow freely from the sediment to the geotextile. The 
development of the filter cake requires transport and interlocking of the fine sediment particles. 
Unfortunately, if the geotextile is not compatible with the fine sediment, then particles will 
migrate into the cap and eventually reduce the permeability of the reactive core mat. 
As previously mentioned, SERDP was an integral part of this research. In order to resolve 
the concerns of the scientific board, and provide information about the influence of geotextile 
clogging in the ground water flow conditions, this chapter is divided in four chapters dedicated to 
each of the main subjects of research. The following is a brief summary of the information 
contained in these chapter, and more details are presented in the following sections of this 
chapter: 
Geotextile clogging: Several filtration tests on single geotextiles, and fresh and 
weathered reactive core mats deployed for up to 18 months were carried out to evaluate the 
clogging potential of the geocomposite-fine sediment systems. Typical short and long terms tests 
were developed to resemble field conditions. 
Modeling of clogging scenarios; The study of several clogging scenarios was simulated 
in this chapter using finite element models to solve the water flow equation, using SEEP/W° 
(GEO-SLOPE-International-Ltd, 2007b). The models simulated different clogging scenarios on a 
generic site, and quantified the water flux crossing the geotextile as the permeability of the soil-
geotextile system decreased. 
Sediment retention: Some fine sediment particles are able to pass through the geotextile 
during the filtration tests, and for the case of contaminated sediment this can be an important 
design criterion. The filtration tests allowed a significant amount of material to pass through the 
geocomposite. The piped sediment was collected and characterized, and the results were 
compared to the geotextiles properties to draw recommendations for selecting the geotextile on 
fine sediment applications. 
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Gas permeability: Decomposition and bacterial activity in the sediment produces 
methane gas that eventually moves to the surface reaching the reactive core mat. The gas 
accumulates beneath the reactive core mat and applies a buoyant force that threatens the stability 
of the reactive mat. A gas permeability test was designed and constructed to study this subject. 
The following sections present detailed information on the development of tests, their 
results, and the simulations carried out to study each the four mentioned subjects. The following 
section describes the clogging behavior of geotextiles and reactive core mats. 
3.2 Clogging of Geotextiles 
Reactive mats are typically comprised of a reactive material sandwiched by two 
geotextiles. Each mat has one non-woven and one woven geotextile, which are used for filtration 
purposes and strength, respectively. The non-woven geotextile is placed on top while the woven 
geotextile is placed in contact with the sediment. Filtration tests on similar two-layer geotextile 
systems (one non-woven and one woven geotextile) with sediments and fly-ash indicated its 
successful filter performance for a variety of woven/non-woven combinations (Kutay and 
Aydilek, 2005). The tests were carried out for up to 60 days, and showed better performance of 
combinations of geotextiles than of single geotextiles, which indicates a benefit when using two-
layered systems. 
The clogging potential of filter systems comprised of a geotextile and a cohesionless soil 
is commonly evaluated using the Gradient Ratio Test (GR) via ASTM-D 5101 (ASTM, 2006b). 
In this test, a single geotextile and a soil sample are placed in a cylindrical permeameter, and 
water is flushed through the system by applying a varying differential head. The water head 
remains constant as the systems reaches a steady state flow, and measurements of differential 
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heads and flow rates are taken at different time intervals. The Figure 3.1 shows a sketch of the 
gradient ratio test set up. 
Points 1 to 6 in Figure 3.1 indicate the location of the manometer ports used to measure 
the head of water, which is then used to determine the hydraulic gradient in the soil and in the 
soil-geotextile area. The final objective of taking these measurements is to be able to determine 





Figure 3.1 Sketch of the ASTM gradient ratio test 
The Gradient Ratio serves as an indicator of the clogging potential of the system, and is 
computed as the hydraulic gradient in the soil-geotextile area divided by the hydraulic gradient in 
the soil, that is: 
f n lSoil~Geotextile 
hail 
Equation 3.1 
Where: GR Gradient ratio 
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hoil-Geotextiie Hydraulic gradient in the soil-geotextile area 
iSou Hydraulic gradient within the soil 
A GR-value of less than one indicates piping conditions within the sediment, while a GR-
value greater than one indicates partial clogging of the system. Additional details of the test set 
up, the geotextile and reactive core mat samples tested, and the tests results are discussed later in 
the following section. 
The gradient ratio test is a performance based test, and has been found to be affected by 
optional testing procedures in the standard. Some of the optional procedures in the standard are 
microfiltration of the in-flow water, using algaecide, purging the system with CO2, and 
disturbance of the GR permeameter, which have been found to significantly affect the filtration 
behavior, while presoaking of the geotextile has no observable effect (Fischer et al., 1999). The 
optional procedures in the standard and any additional deviations from the standardized test must 
reflect as much as possible the true conditions in the field. 
The following section describes the samples used to evaluate its clogging potential, and 
the details of the gradient ratio test device that was modified to reflect the field conditions of 
reactive core mat deployment. 
3.2.1 Materials and Methods 
The clogging potential was evaluated on single geotextiles that are being considered by 
CETCO® to build commercial reactive core mats. Additional tests were carried out on fresh and 
weathered reactive core mats. 
As previously discussed, the structure of the CETCO® reactive core mat has one non-
woven geotextile, followed by an open filling of fibers used to hold and evenly distribute the 
reactive material, and finally a woven geotextile to provide the strength required during 
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installation, recovery, and to control differential settlement. Figure 3.2 shows a photo of an 
example of a reactive core mat and its main components. 
\ i£^'" ***& 'Z ] •••-''-
Non-woven geotextile 
Open filling fibers 
Reactive material 
** -— Woven geotextile 
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Figure 3.2 Detailed view of the reactive core mat structure 
Four geotextiles were selected to study their filter performance as part of fine sediment-
geotextile systems. The geotextiles were selected to cover a wide range of Apparent Opening Size 
(AOS) and mass per unit area values. Table 3.1 summarizes the properties of the geotextiles used 
for this study. 
Table 3.1 List of non-woven geotextiles used for reactive core mat applications 
Polymer type 
Polyester - White 
Polypropylene - White 
Polypropylene - Black 


















* Geotextile not used by CETCO® for reactive core mats 
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The clogging potential of fresh and weathered reactive core mats was also evaluated as 
part of this study. Table 3.2 presents a list of the main characteristics of the clean reactive core 
mats used in this study. 


























Woven Activated carbon 
The weathered reactive core mats samples were obtained from nine 3x3 ft pilot scale 
mats deployed in Cottonwood Bay, Texas weathered from six to 18 months time. A first set was 
deployed and recovered after six months, while the second set was retrieved after 18 months in 
the field. Additionally, half of the six months weathered mats were placed with the woven 
geotextile facing the sediment, and the other half was upside down. Table 3.3 presents a list of the 
mats deployed in the field. 



























































The purpose of this deployment layout was to study the sedimentation process over the 
top side of the cap, and sediment penetration into the cap. Figure 3.3 and 3.4 show the final state 
of the reactive core mats deployed with the non-woven side in contact with the sediment and 
woven side in contact with the sediment, respectively. 




- AV'M&JJ if " ^ J , "•;•!. "* 
Figure 3.4 Sample of a RCM after 6 months deployment. Woven side in contact with the 
sediment 
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It is important to mention that these pilot mats did not have the protective layer of sand 
that is expected to be used in commercial applications, which provides additional protection in 
terms of sediment buildup in addition to intrusive factors that might affect the mat structure. 
The clogging potential of the sediment-geotextile or sediment-mat systems was measured 
using a modified version of the gradient ratio (GR) test (ASTM-D 5101). This performance based 
test was modified to simulate the field conditions of reactive core mat deployment. A detailed 
description of the modified gradient ratio tests used to evaluate the clogging behavior of 
sediment-geocomposite systems. 
Figure 3.5 shows the general set up of the gradient ratio (GR) test, and Figure 3.6 shows 
the actual test set up in the laboratory. In this test, a single geotextile and a soil sample are placed 
in a cylindrical permeameter, and water is flushed through the system by applying a varying 
differential head. The water head remains constant as the systems reaches a steady state flow, and 
measurements of differential heads and flow rates are taken at different time intervals. The 
pressure head is measured at before, along and after the geocomposite-sediment system. Points 1 






Figure 3.5 Sketch of the modified gradient ratio test 
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Figure 3.6 Gradient ratio test set up 
Once the pressure head and the elevation head are measured, then the hydraulic gradients 
acting in the sediment and in the sediment-geotextile area are calculated. The ratio of the 
hydraulic gradient within the soil-geotextile area fee), to the hydraulic gradient within the soil 
(is) is called the Gradient Ratio of the sediment-geotextile system. The Gradient Ratio serves as 
an indicator of the clogging potential of the system, computed as: 




Where: GR Gradient ratio 
i-Soii-Geotextiie Hydraulic gradient in the soil-geotextile area 
iSou Hydraulic gradient within the soil 
A GR of less than one indicates piping conditions within the sediment, while a GR-value 
greater than one indicates partial clogging of the system. The US Army Corps of Engineers 
developed the GR test, and recommends that the GR should be less than 3.0 for critical 
applications (Haliburton and Wood, 1982). It is important to mention that clogged conditions do 
not imply an impermeable barrier, but rather a low permeability layer. Partial clogging allows the 
flow of water but at lesser rate than if water was flowing through sediment only. 
As mentioned before, the GR test is a performance based test and should be modified to 
simulate the expected field conditions. The GR test was originally developed to run an upward 
flow of water with the geotextile placed on top of the sediment as designed in the ASTM 
standard. In reactive capping, the geotextile is placed on top of the fine sediment. However, the 
applied water flow induces seepage consolidation, which causes separation of the sediment 
surface from the geotextile. Hence, the permeameter was modified to use a vertical downward 
flow with the geotextile placed beneath the sediment to better mimic the field conditions. 
The Gradient Ratio tests are commonly carried out at a constant hydraulic gradient for 
24 hr or until the system reaches a steady state flow. The tests is repeated increasing the hydraulic 
gradient from 1, to 4, and finally to 8, and it normally takes nearly a week from start to finish. In 
addition to the ASTM recommendations for running the tests, two additional long term tests were 
carried out for about 30 days at a constant hydraulic gradient. This additional test studied the long 
term behavior of soil-geotextile system at the hydraulic gradient expected in the field. 
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The fine sediment used for testing the clogging potential of geocomposites was collected 
from a fresh water environment in the Piscataqua River estuary. Samples of the sediment were 
sent to an external contractor for Atterberg limits (ASTM-D 4318-05) and Organic Content 
testing (ASTM-D 2974). Table 3.4 lists the ash content, percentage of organic matter, and a 
summary of the Atterberg Limits. The grain size distribution was obtained by sieve and 
hydrometer tests (ASTM-D 422-63). The grain size distribution is shown in Figure 3.7. 
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Figure 3.7 Grain size distribution of Piscataqua River, NH sediment 
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The sediment from the Piscataqua river estuary was a grey silt with sand, with low 
plasticity silt and clayey fractions (ML-CL), fully saturated, organic content of 4.2%, and 75% 
passing sieve No. 200. The liquid limit (wL) is 33% and the plasticity index (IP) is 8%. The 
characteristics of this sediment indicate strong similarities to the silts found in offshore California 
sites, where the 60 to 90% of the soil passed the No.200 sieve, wL 20-40% and IP 3-12 (McNeilan 
andBugno, 1985). 
The permeability of the sediment was measured using the falling head test (ASTM, 
2003). The samples were prepared by slurrying the sediment at a water content 1.2 times the 
liquid limit, so the slurry mixture was liquid enough to flow into the permeameter, and the 
samples was slowly poured to reach the loosest state possible. The permeability of Piscataqua 
River sediment was lxl0"7m/s. 
Lastly, fine sediment particles were able to pass through the geotextile during the tests. 
This piped sediment was collected, weighed, and its grain size distribution was obtained using the 
z-potential. More details about this additional results are presented in section 3.4. 
The following section presents the results of the clogging potential evaluation of 
geotextiles and reactive core mats. 
3.2.2 Results of the Gradient Ratio Tests 
The following section describes the results of the gradient ratio tests carried out on single 
geotextiles. 
3.2.2.1 Single geotextiles 
The GR tests were carried out using the single geotextiles listed in Table 3.1, and for 
three hydraulic gradients, / = 1,4 and 8. The GR-value was measured over time for the four 
geotextiles, and the results are shown in Figure 3.8 to 3.11. Each figure shows the results of three 
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tests, the first two curves are replicates of the same test, while the last curve correspond to a test 
starting at / = 0.5 for one day, followed by the /' = 1,4 and 8. The objective of the later test was to 
study the effect of very low hydraulic gradients in the clogging potential of geotextiles. 
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Figure 3.8 GR test on geotextile GT-1 AOS 170 
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Figure 3.10 GR test on geotextile GT-3 AOS 80 
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Figure 3.11 GR test on geotextile GT-4 AOS 170 
The GR-value was relatively stable for any hydraulic gradient after only one day, which 
falls into the recommendation of the ASTM standard for "some recognizable equilibrium or 
stabilization of the system". Although in some cases (Figure 3.8 and Figure 3.9) the GR-value 
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was not fully stable after 24 hr at a constant hydraulic gradient, it is clear the system was not 
prone to clogging because the GR-value was less than 3 as recommended by the USACE. In 
general, all GR tests show that no clogging potential of the four geotextiles can be expected in the 
field when used with similar fine grained sediment as tested. 
The GR tests carried out on the finer geotextiles AOS 170 (Figure 3.8 and 3.1, for GT-1 
and GT-4, respectively), reach GR-values in the range of 1.2 to 2.2. The lower range of GR-
values were measured with the less dense geotextiles, which can be interpreted to be the less 
tortuous geotextiles. In addition, piping conditions were also measured on lighter geotextiles. 
The results on geotextiles with coarse AOS (70-80) in Figure 3.9 and 3-10, showed 
smaller GR-values than with the finer geotextiles. In general, the final GR-value ranged from 0.6 
to 1.1, with the majority of values in the lower side the range. This indicates these geotextiles 
performed under piping conditions, with a GR-value close to one or slightly less as recommended 
by the ASTM standard. Under piping conditions some fine sediment particles move towards the 
geotextile, leaving small voids that eventually will interconnect to each other, forming small 
preferential flow paths for the water to pass through. This behavior can improve the performance 
of the reactive mat because it accelerates the flow of contaminated water from the sediment to the 
reactive material. Moreover, the transport of fine sediment particles has to be controlled so a 
stable filter system can develop. Details of the amount and characteristics of the piped sediment 
for all GR tests are presented in section 3.4. 
The next set of gradient ratio tests was carried out on clean/fresh reactive core mats. The 
results of these tests are presented in the following section. 
3.2.2.2 Clean reactive core mat 
Reactive core mats are typically constructed by CETCO using the geotextile GT-2 AOS 
70 as listed in Table 3.1. The clogging potential of the two clean reactive core mats listed in Table 
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3.2 was also measured using the GR test. One of the mats contained Organoclay as the reactive 
material, while the second mat used Activated Carbon. These tests allow the verification of the 
influence of swelling of the clay on the clogging potential of the reactive core mat. 
It is important to remember that reactive core mats are typically comprised of a reactive 
material sandwiched by two geotextiles. Each mat has one non-woven and one woven geotextile. 
The mats are typically deployed over the contaminated sediment with the woven geotextile facing 
the sediment; therefore, the reactive mats were placed with the woven geotextile facing the 
sediment to represent the field conditions in the gradient ratio test. Figure 3.12 shows the results 



















> 1 Clogging 
< 1 Piping 
Test 12 -Organoclay 
Test 14 - Activated Carbon 
h —Hh——Hr——H 
Tue Wed 
Time - Day 
Thu Fri 
Figure 3.12 GR test on clean mat with geotextile GT-2 AOS 70 
The results show no clogging potential of the reactive core mat under the test conditions. In 
addition, the overall tendency of the GR-value for the double geotextile system is similar to the 
behavior exhibited in the single geotextile test (Figure 3.9). This result indicates that the presence 
of the second geotextile in the mat does not significantly affect the filtration behavior of the 
system. Finally, the GR-value stabilized at values slightly less than unity as recommended by the 
USACE for slight piping conditions. 
Additional tests were carried out on weathered reactive core mats. The results of these tests are 
shown in the next section. 
3.2.2.3 Weathered reactive core mats 
The reactive mats listed on Table 3.3 were deployed in Cottonwood Bay Texas for a 
period of 6 months. Only the mats deployed with the woven geotextile in contact with the 
sediment were evaluated using the GR test (RCM-1, RCM-3 and RCM-5), because installation 
procedures prevent the deployment for commercial applications with the non-woven geotextile 
facing the sediment. The results of the GR test with duplicates for the reactive core mat RCM-1, 
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Figure 3.13 GR test on 6 months weathered mat RCM-1 
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Figure 3.15 GR test on 6 months weathered mat RCM-5 
The results on the 6-month weathered reactive core mats showed no clogging potential on 
any of the mats under the tests conditions. The mat with the finer geotextile (RCM-1 AOS 170) 
showed strong piping conditions (GR-value = 0.5), but eventually stabilized at a GR-value close 
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to unity. The GR tests on the reactive core mats with coarser geotextiles (RCM-3 AOS 70 and 
RCM-5 AOS 80) showed stable GR values close to unity, ranging from 0.9 to 1.2, which is in 
agreement with the recommendations of the ASTM standard and the USACE. 
As described previously in section 3.2.1, additional long term gradient ratio tests were 
carried out to evaluate the long term performance of sediment-geotextile systems. The results of 
these tests are presented in the following section. 
3.2.2.4 Long term clogging behavior of geotextiles 
The standard procedure of the GR test require the tests to start at an hydraulic gradient of 
i=\, and gradually increase it to cover the hydraulic gradients expected in the field applications. 
The general characteristics of the Anacostia river site where a pilot reactive capping project was 
developed (Melton et al., 2005), and the results of seepage measurements taken at the site 
indicated that maximum hydraulic gradients in the range of 4 to 5. In addition, an hydraulic 
gradient of / =5 represents a conservative condition for the modeling of most geotextile filter 
applications (Fischer et al., 1999). Two long term GR tests were conducted at / = 4 to 6 for nearly 
30 days on geotextiles GT-2 and GT-3, with AOS 70 and 80, respectively. The results are shown 
in Figure 3.16. 
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Figure 3.16 Long term GR tests on geotextiles GT-2 and GT-3 
The results of the test on the geotextile GT-3 show a strong disturbance in the system 
after 25 days (/ = 6), which results on a jump of the GR-value from 1.01 to 1.18 and gradually 
increase to 1.6. The GR-value step increment followed by a gradual increase was caused by the 
disturbance of the soil near the manometer ports, which promoted seepage along of the wall of 
the permeameter. Figure 3.17 shows a detailed view of the sediment disturbance near the 
manometer port the long term GR test of geotextile GT-3. 
The long term GR test on the geotextile GT-2 AOS 70 shows a GR-value of 1.2 after 
24 hr at /' = 4.0. The test was carried out for 30 days, and the GR-value slowly leveled at 1.4. This 
result indicates the geotextile GT-2 is not prone to clogging according to the USACE 
recommendations (GR-value < 3.0). In addition, the difference in the results from running the test 
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Figure 3.17 Photo of wall seepage evidence near the manometer port 
The GR tests carried out on single geotextiles, and on clean and weathered reactive core 
mats do not show evidence of significant clogging that can adversely affect the filtration behavior 
of the system. However, given the uncertainty of the installation process, and the actual 
compatibility between the sediment and the reactive core mats, it was necessary to develop a 
numerical model to simulate the eventual clogging of the mat. The procedure to develop the 
models to simulate different clogging scenarios and the results are discussed in the following 
section. 
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3.3 Modeling of Ground Water Flow in Clogging Scenarios 
The Gradient Ratio tests described on the previous section did not showed clogging of the 
geotextiles or the reactive core mats. However, once the reactive core mats are deployed over the 
fine sediment, there is always some uncertainty about the field performance of the filter system. 
Local variations of the sediment grain size distribution, slow migration of fine particles into the 
mat, or even installation issues might decrease the permeability of the cap to values not 
experienced in the laboratory. The flow of water from the sediment to the water column is a key 
aspect of this application, mainly because the reactive material binds the aqueous phase 
contaminants as they flow through the mat. This chapter presents the results of the ground water 
flow modeling on a generic site developed to simulate several clogged mat scenarios. The 
following section describes the general concepts of ground water flow and the definition of 
geotextile clogging based on the definition of gradient ratio used in the simulations. 
3.3.1 Materials and Methods 
The flow of water through saturated soil can be described using Darcy's law shown in 
Equation 3.3: 
Q = k • i • A Equation 3.3 
Where: Q Volume of water per unit of time, L3T_1 
k Permeability of the sediment, LT"1 
i = — Hydraulic gradient driving the water flow, LL"1 
A/i Difference in total water head, L 
L Length of the flow path where the head loss occur, L 
A Cross sectional area, L2 
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Considering Equation 3.3 and the conservation of mass on a finite volume, the one 
dimensional water flow can be defined as Equation 3.4. 
£ ( * • • = ) + <» = £ Equations 
Where: x Direction of flow, L 
kx Permeability of the sediment, LT"1 
H Total head, L 
Q Inflow or outflow of water, L3T"' 
6 Volumetric water content of the sediment 
t Time, T 
Equation 3.4 is a partial non-linear differential equation that describes the water flow 
through on soils. This equation can be expanded to a 2D or 3D formulation, and solved using 
numerical techniques. The most common approach to solve this equation is the finite element 
method. SEEP/W (GEO-SLOPE-International-Ltd, 2007b) is a commercially available software 
package developed for ground water flow analysis on geotechnical applications, and it solves 
Equation 3.4 in a 2D field. SEEP/W is used to simulate ground water flow under on five different 
clogged geotextile scenarios, which are described later on this section. 
The simulations of ground water flow were developed for the deployment of a reactive 
core mat on a generic site. The geometry of the generic site was shown in Figure 2.33. It was 
comprised of a sediment profile 8 m thick and 25 m wide. The reactive core mat is modeled as 
1 cm thick layer of porous material with permeability varying for the different scenarios. Figure 
3.18 shows the geometry of the model. 
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Figure 3.18 Geometry of a generic reactive cap site. Not to Scale. 
The average size of the finite element was 0.1 m, including secondary nodes per element. 
The discretization provided definition of the soil properties and results to a resolution of 0.01 m 
near the cap and increase in size at depth. The mesh was made of 10079 elements, 16502 nodes, 
triangular and squared plane strain finite elements. The same number and distribution of finite 
elements was used for all models in order to avoid mesh dependency of the results. Figure 3.19 
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Figure 3.19 Model of a generic reactive cap site. 
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Clogging of the geotextiles is defined by the ASTM-D 5101 based on the hydraulic 
gradient acting in the sediment-geotextile area and in the sediment area. Such boundary 
conditions are not possible to define for the solution of Equation 3.4, therefore, a manipulation of 
the soil and geotextile permeability was used to represent clogging of the geotextiles. The new 
definition of geotextile clogging is presented next. 
According to the GR test, the clogging potential of a sediment-geotextile system is 
defined as: 
G R = ISoil-Geotextile Equation 3.5 
ISoil 
Where: GR Gradient ratio value 
isoii-Geotextiie Hydraulic gradient in the sediment-geotextile region, LL" 
isoii Hydraulic gradient in the sediment region, LL"' 
By applying Darcy's law and the principle of continuity, the equations can be converted 
the following expression: 
Qp{ _ lSoil-Geotextile _ ^-soil-Geotextile ' A 
i-Soil 
ktnil • A 
GR = Son Equation 3.6 
kSoil-Geotextile 
Where: Q Volume of water per unit of time, L 3 T ] 
A Area of flow, L2 
ksoii-Geotextile Permeability of the sediment-geotextile region, LT"1 
kSou Permeability of the sediment, LT"' 
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As previously mentioned, the US Army Corps of Engineers limits to 3.0 the GR-value for 
filtration applications. Replacing the GR = 3.0 in the above equation leads to the following 
definition of clogging in terms of the permeability of the sediment and the sediment-geotextile 
interface: 
GR = 3.0 = - — — Equation 3.7 
ksoil-Geotextile 
This new definition of geotextile clogging indicates that a geotextile is considered 
clogged when the permeability of the sediment-geotextile interface is one third the permeability 
of the sediment alone. This manipulation of the Equation 3.5 into 3.6 indicates that geotextile 
clogging does not mean the geotextile becomes fully impermeable. Instead, there is a reduction of 
the geotextile permeability according to the definition of GR-value described above. 
As previously mentioned, the permeability of the soft sediment was measured using the 
falling head test, and is the only geotechnical property required for these simulations. Based on 
this fact, five stages of clogging were simulated by varyingthe permeability of the reactive core 
mat: 
• k-Soil-Geotextile = 1 x ksoil 
• ^Soil-Geotextile = 0.1 X KSou 
• ksoil-Geotextile = 0-01 * kSoil 
• ksoil-Geotextile ~ 0 -001 X kSoil 
• ksoil-Geotextile ~ 0 . 0 0 0 1 X fcSo;j 
It is important to remember that geotextile clogging does not mean the geotextile 
becomes fully impermeable. Instead, there is a reduction of the geotextile permeability according 
to the definition of GR-value described above. The permeability of the reactive core mat for the 
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different models was defined based on the clogged scenario. Table 3.5 list the permeability of the 
sediment and geotextiles for the five geotextile clogged scenarios. 
Table 3.5 Permeability of the sediment and the geotextile for different clogged scenarios 
Sediment Geotextile 
Degree of mat clogging permeability permeability 
[m/s] [m/s] 
ksoil-Geotextile = 1 x kSou 1 x 1 0 1 x 1 0 
ksoil-Geotextile = Q-l x ksoil 1 x 1 0 1 x 1 0 
kSoil-Geotextile = 0-01 X kSoil 1 X 10 ' 7 1 X 10"9 
ksoil-Geotextile = 0 . 0 0 1 X kSoil 1 X 10"7 1 X 10"1 0 
ksoU-Geotextile = 0.0001 X kSoil 1 X 10"7 1 X l O " " 
The natural ground water flow measured at the site in Anacostia River, Washington D.C. 
was used to simulate the seepage conditions in this generic site. An influx of water of 1 cm/day 
was applied to enter at the bottom of the model, while the sides of the model had no-flow 
boundary conditions. 
The geometry and characteristics of the clogged geotextile scenarios were defined in this 
section. The results of the ground water flow models are presented in the following section. 
3.3.2 Results of the Simulations 
The results of the simulations are better represented by the contours of pressure head 
(meters of water) and the flow paths of water beneath the reactive mat. These results for the five 
simulations are presented in Figure 3.20 to 3.24. 
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Figure 3.20 Pressure head contours (m) and flow paths. kcT = 1 x ksED 
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Figure 3.21 Pressure head contours (m) and flow paths. kcT = 0.1 x ksED 
103 





Tn i .1 Jriimii>iiJf'"r l i ^ l S s f c ^JJL^^aSwn 
4 * * 4 * * * * * * * * * * * * * * * * * * * * * * * 
1 <•< K 1.0 12 14 16 |S 20 
Distance [m] 
Figure 3.22 Pressure head contours (m) and flow paths. kcT = 0.01 x ksED 
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Figure 3.23 Pressure head contours (m) and flow paths. kcT = 0.001 x ksED 
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Figure 3.24 Pressure head contours (m) and flow paths. kcT = 0.0001 x ksED 
The results in Figure 3.22 shows that even a two orders of magnitude reduction of the 
geotextile permeability does not significantly affect the direction of the flow paths, and the 
majority of the water still flows through the reactive core mat. A significant deviation of the flow 
paths is observed in Figure 3.23 when the geotextile permeability is three orders of magnitude 
less than the sediment permeability. 
The even more extreme case of clogging when the geotextile permeability is four orders 
of magnitude less than the sediment permeability showed in Figure 3.24, indicates that a fully 
impermeable cap for contaminated sediment favors lateral flow of the contaminated water. 
An additional analysis to verify the flux (water velocity) passing through the reactive 
core mat can obtained for the different simulations. It is expected that the water velocity affects 
the binding efficiency of the reactive material, mainly because it may reduce the time required for 
the binding reaction to occur. This is called residence time, which limits the time available for the 
reactive material to bind the contaminants. 
The water velocities along the reactive core mat for the geotextile clogging scenarios are 
shown in Figure 3.25. 
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The water flux results show that when the geotextile permeability is three orders of 
magnitude less than the sediment permeability, the average water velocity through the reactive 
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Figure 3.25 Water velocity along the mat for different clogging scenarios 
As shown in Figure 3.25, the water velocity varies along the mat. The amount of water 
actually passing through the mat can be obtained by integrating the water velocities along the 
mat, and assuming a 1 m thickness of the model. The volume of water crossing the reactive core 
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Figure 3.26 Water flow through the cap for different clogging scenarios 
The results shown in Figure 3.26 indicate that the reduction of water flow under US ACE 
clogging conditions (GR = 3.0) is not significant (less than 1%). A 50% reduction of the flow 
crossing the reactive core mat occurs when the permeability of the geotextile is about 0.004 of the 
sediment permeability, and a 75% reduction when the mat permeability is 0.001 of the sediment 
permeability. 
An additional concern is the possibility that a significant amount of contaminated fine 
sediment particles cross the reactive core mats during the stabilization of the filter system; that is, 
the development of a stable filter cake at the sediment-geotextile interface. The result of the study 
of the piped sediment is presented in the following section. 
3.4 Sediment Retention of Geotextiles and Reactive Core Mats 
Given the fact that the sediment particles are contaminated, and that it takes some time 
for the filter structure to develop at the interface between the sediment and the geotextile. It is 
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important to control and verify that the amount of piped sediment does not compromise the 
retention efficiency of the system. 
As previously discussed, the gradient ratio test flows water through the sediment-
geotextile system for several days. Also, the GR test was modified to run water from top to 
bottom of the permeameter, while the geocomposite was placed beneath the sediment. During the 
GR tests it was observed that the water flow transported a measurable amount of fine particles of 
sediment through the geocomposite within the first day of the test. The second day of the test the 
water ran. Figure 3.27 shows an example of the sediment collected on the bottom plate of the 
permeameter at the end of a typical GR test. 
10 cm = 4 in. 
Piped sediment 
Bottom plate 
Figure 3.27 Example of sediment going through the geotextile 
A stable geotextile/soil system limits the amount of fine soil particles able to pass through 
the geotextile. The recommended limit for a stable system is 2500 g/m2 (Lafleur et al., 1989), 
which for the area of a GR test permeameter amounts to 20 g. The sediment passing the geotextile 
or reactive core mat on the GR tests was collected and weighed. Figure 3.28 shows the weight of 
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the piped sediment versus the mass per area and AOS of the geotextile. The results indicate that 
the geocomposite-sediment filter system is stable in terms of its retention capabilities, and that all 
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Figure 3.28 Pipped sediment for different geotextiles and reactive core mats 
The results also show that the use of a finer AOS or a heavier geotextile (AOS 180 or WT 
8 oz/yd2), or a combination of both drastically reduces the amount of sediment that is able to pass 
through the geocomposite. Furthermore, reactive mats allow less material to pass through than 
single geotextiles, mainly because the flow path in reactive core mats is longer and expectedly 
more tortuous than in single geotextiles. 
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Lastly, the contaminated sediment is prone to generate methane due to bacterial activity 
and decomposition of organic matter. This raises questions about the gas permeability capacity of 
the geotextile. The results of the gas permeability test are presented in the following section. 
3.5 Gas Permeability of a Fine AOS Geotextile 
The sediment generates mostly methane gas due to the bacterial activity in the organic 
matter. The gas is expected to flow up to the sediment surface, reach the geotextile, and slowly 
move through the geotextile without affecting its integrity. Although a significant accumulation 
of gas underneath the geotextile is not expected, a test was developed to simulate such conditions 
in the laboratory, and compare the gas flow rate to the rate of gas generation in the sediment. 
The following section describes the gas permeability test developed to measure the rate 
of gas flow through the geotextile. 
3.5.1 Materials and Methods 
The gas permeability test was constructed using the same permeameter of the gradient 
ratio test, but without the sediment sample. Water pressure and temperature influence the gas 
dissolution in water. The purified deionized water used for the experiments remained at room 
temperature (20-22°C) to minimize variations of its influence on the results. In order to minimize 
the influence of water pressure on the gas dissipation rate, the water pressure on the gas bubble 
was set constant at 1 in., and no water flow was induced through the geotextile. 
The geotextile samples were prepared by submerging the geotextile for a period of 24 hr 
in purified deionized water, prior to continue assembling of the permeameter. Then, the fully 
saturated geotextile was placed in the permeameter, and the system was filled with purified 
deionized water from the bottom up to prevent trapping of gas bubbles in the system. 
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The permeameter used to carry out the gas permeability test is shown in Figure 3.29, 
including the port used to inject the gas bubble and the location of the geotextile. 
Geotextile 
Port used to inject Biogas 
Figure 3.29 Set up for the gas permeability test 
After complete assembly of the permeameter, a 1 cm3 gas bubble was injected beneath 
the geotextile and left to pass through the geotextile without any water flow in the permeameter. 
Then, the gas bubble was monitored daily until it passed through and/or was dissolved in the 
water. 
Biogas collected from the Turnkey landfill in Rochester, NH was used for these tests 
since its composition is similar to the gas produced by the bacterial activity in the sediment 
(Methane, Carbon Dioxide, Nitrogen, Oxygen, Hydrogen Sulfide, and Hydrogen). 
The tests were carried out using the finer and heavier geotextile, AOS 170, 7.8 oz/yd ; 
therefore, if the gas flow/dissipation rate is sufficient to prevent significant gas accumulation 
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beneath the geotextile in this tests, then no additional tests would be required on coarser 
geotextiles. The geotextile used in these tests corresponded to samples of the GT-4 geotextile 
listed on Table 3.1. 
The following section describes the results obtained from these tests, and a comparison of 
the gas flow/dissipation rate measured in the tests and the gas generation rates reported in the 
literature. 
3.5.2 Results of the Gas Permeability Test 
Images of the state of the bubble underneath the geotextiles were taken daily until the gas 
bubble had completely disappeared either by flow through the geotextile, by dissipation in the 
water, or by a combination of both mechanisms. Table 3.6 lists the approximate volume of the 
gas bubble during the test, and Figure 3.30 shows the most detailed daily images taken during the 
experiment, including the day and approximate volume of the gas bubble. In general, the 
thickness of the bubble remained close to 0.5 cm during the experiment. 
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Figure 3.30 Biogas bubble flow/dissipation over time 
All pictures shown in Figure 3.30 were taken approximately from the same distance, 
which allows a rough estimation of the bubble volume over time by comparing the initial 
dimensions to subsequent observations. 
Figure 3.31 shows a graph of the measured bubble volume during the test and the best 
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Figure 3.31 Volume of the gas bubble beneath the geotextile vs. time 
It is important to remember that the gas was flowing/dissipating during the experiment 
over an area of nearly 2 cm2 (the initial bubble was 1 cm3 in volume and the average thickness 
was 0.5 cm). The rate of gas flow/dispersion over time per square meter of geotextile is obtained 
from the volume vs. time fitted curve shown in Figure 3.31, and normalizing to the square meter 
of geotextile. The rate of gas flow/dispersion over time per square meter of geotextile is shown in 
Figure 3.32. 
The rate of gas flow/dissipation varies over time, from 3000 to 100 cm3/day per square 
centimeter of geotextile. This result indicates that the volume of the gas bubble affects the rate of 
gas flow through the geotextile. It is possible the greater buoyant force from the bubble on the 
geotextile at the beginning of the experiment promotes a greater gas flow rate to pass through the 
geotextile. However, this buoyant force must be compared to the submerged weight of the cap to 
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Figure 3.32 Flow/dissipation rate of gas vs. time per square meter of geotextile 
The temperature of the site and the characteristics of the organic matter influence the 
sediment gas production rate. An upper estimate of biogenic methane gas production in marine 
sediments has been reported as 4.25 x 10"15 mol/day per gram of sediment (Colwell et al., 2008). 
Assuming that the top 1 m of the fully saturated sediment is the most biologically active portion 
of the sediment generating biogenic gas, an average unit weight of sediment of 15 kN/m3, a void 
ratio of 1.65, and the specific gravity of the sediment of 2.65; then, the volume of methane 
generated per day is computed as follows: 
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That is, this report indicates that the upper estimate of biogenic methane gas production 
in marine sediments is 8.963 x 10 per square meter of sediment. 
In addition, the gas production rates from wetland sediments, paddy soil, and other 
sediments was reported to be in the range of 0.3 to 2640 cm3/day per square meter of sediment 
surface, which is more than five orders of magnitude greater than for marine sediments. For the 
specific case of Anacostia River sediment the gas production rate vary significantly with 
temperature from 0.3, to 341 to 917 cm3/day, at 4, 22 and 35°C respectively (Qingzhong et al., 
2007). 
Comparing the gas flow/dissipation rate measured for the heaviest and finest geotextile 
(AOS 170) shown in Figure 3.32 (3000 cm3/day), to the gas production rates reported in the 
literature (up to 2640 cm3/day), gas accumulation beneath the geotextile is not expected to 
represent a main hazard to the stability and integrity of a geotextile deployed over sediment under 
the assumed conditions. 
Actual reactive core mats are expected to be built using geotextiles with a coarser AOS 
70 to 80, instead of the geotextile tested in this research; therefore, the rate of gas flow/dissipation 
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in the field is expected to be greater than the values presented above providing an additional 
margin of safety to the structural integrity of the technology. 
3.6 Summary 
All gradient ratio tests showed that no clogging potential of the four single geotextile 
systems can be expected in the field when used with similar fine grained sediment as tested. The 
GR-value was relatively stable for any hydraulic gradient after only one day, which falls into the 
recommendation of the ASTM standard for "some recognizable equilibrium or stabilization of the 
system". The lower range of GR-values were measured with the less dense geotextiles, which can 
be interpreted to be the less tortuous geotextiles. In addition, piping conditions were also 
measured in lighter geotextiles. 
The GR tests on clean reactive core mats showed no clogging potential under the test 
conditions, and the overall tendency of the GR-value for the double geotextile system is similar to 
the behavior exhibited in the single geotextile test. 
The results on the 6-month weathered reactive core mats showed no clogging potential of 
any of the mats under the tests conditions according to the USACE recommendations (GR-
value < 3.0). 
It is important to keep in mind that geotextile clogging does not mean the geotextile 
becomes fully impermeable. Instead, there is a reduction of the geotextile permeability according 
to the definition of gradient ratio. 
The results of the simulations showed that even a two orders of magnitude reduction of 
the geotextile permeability does not significantly affect the direction of the flow paths, and the 
majority of the water still flows through the reactive core mat. A significant deviation of the flow 
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paths is observed when the geotextile permeability is three orders of magnitude less than the 
sediment permeability. 
The even more extreme case of clogging when the geotextile permeability is four orders 
of magnitude less than the sediment permeability, showed that a fully impermeable cap for 
contaminated sediment favors lateral flow of the contaminated water. 
The water flux results showed that when the geotextile permeability is three orders of 
magnitude less than the sediment permeability, the average water velocity through the reactive 
core mat is nearly one-half that of unclogged conditions. 
The results of the simulations also indicated that the reduction of water flow under 
USACE clogging conditions (GR = 3.0) is not significant (less than 1%). A 50% reduction of the 
flow crossing the reactive core mat occurs when the permeability of the geotextile is about 0.004 
of the sediment permeability, and a 75% reduction when the mat permeability is 0.001 of the 
sediment permeability. 
A stable geotextile/soil system limits the amount of fine soil particles able to pass through 
the geotextile. The recommended limit for a stable system is 2500 g/m2 (Lafleur et al., 1989), 
which for the area of a GR test permeameter amounts to 20 g. The results of the sediment pipping 
tests indicated that the geocomposite-sediment filter system is stable in terms of its retention 
capabilities, and that all geocomposite tested allow less than 2500 g/m2 to move through the 
geotextiles. The results also showed that the use of a finer AOS or a heavier geotextile (AOS 180 
or WT 8 oz/yd2), or a combination of both drastically reduces the amount of sediment that is able 
to pass through the geocomposite. Furthermore, reactive mats (double geotextile systems) allow 
less material to pass through than single geotextiles, 
The rate of gas flow/dissipation varies over time, from 3000 to 100 cm3/day per square 
meter for the case of the finest and heaviest geotextile, AOS 170, 7.8 oz/yd2. This result indicated 
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that the volume of the gas bubble affects the rate of gas flow through the geotextile. It is possible 
the greater buoyant force from the bubble on the geotextile at the beginning of the experiment 
promotes a greater gas flow rate to pass through the geotextile. 
Finally, by comparing the gas flow/dissipation rate (3000 cm3/day) measured for the 
heaviest and finest geotextile (AOS 170), to the gas production rates reported in the literature (up 
to 2640 cm /day), gas accumulation beneath the geotextile is not expected to represent a main 
hazard to the stability and integrity of a geotextile deployed over sediment under the assumed 
conditions. 
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4 CONTAMINANT TRANSPORT ON REACTIVE 
CORE MAT APPLICATIONS 
The main objective of reactive capping is the isolation and removal of the contaminants 
in the soft sediment. However, the deployment of the reactive core mat over the contaminated 
soft sediment induces consolidation and promotes transient advective flow of contaminated water 
from the sediment to the water column; in addition, many capped sites where natural ground 
water flow occurs can be affected by clogging of the geotextiles in the mat, which in turn affects 
the transport of contaminants in the capped area. This chapter studies these two scenarios of 
contaminant transport based on numerical simulations of a generic site, in order to determine 
recommendations for reactive core mat design. In addition, two numerical models of a generic 
site are presented based on the use of Apatite as a reactive material to bind lead and zinc from the 
aqueous phase during consolidation and natural ground water flow. 
The first section of this chapter describes the generalities and theory of contaminant 
transport and the steps followed to develop the numerical models. The second section presents the 
methods and results of numerical models developed to simulate contaminant transport under 
different clogged geotextile scenarios. Finally, the third section describes the numerical models 
developed to simulate the contaminant transport induced during consolidation of the soft 
sediment. 
The numerical models were developed for the case of non-reactive and reactive capping 
of lead and zinc contaminated sites. The models provided information on the effectiveness of 
using reactive materials to sequestrate contaminants in the aqueous phase as they migrate from 
the sediment to the water column. 
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The following section of the chapter describes the general theory of contaminant 
transport in soils. This theory is used in subsequent sections to study the cases of contaminant 
transport under groundwater flow and consolidation induced flow conditions. 
4.1 Introduction 
The contaminants in the sediment may come from several sources depending on the local 
conditions. In some cases the contaminants are delivered on site by external sources, e.g. sewers, 
landfill leaks, etc., or the contaminants can be an inherent part of the materials, e.g. mine tailings, 
waste ponds, etc. In both cases, reactive capping is a viable approach to isolate the contaminated 
material from the environment, while at the same time remediating the contaminants in the 
aqueous phase. Remediation of the contaminants occurs when the reactive material in the reactive 
core mat captures the aqueous phase contaminants. Then, the reactive core mat can be retrieved 
along with the reactive material and the bound contaminants. 
The contaminants in a given site are not stationary, they move within the porous medium 
due to ground water flow and/or gradient concentrations. In general, three major mechanisms 
contribute to the transport of contaminants in porous materials: advection, diffusion, and 
dispersion. 
Advection: Advective flow of contaminants is caused by the flow of water through the 
porous medium. The contaminant follows the same path of the water particles. The mass flux of 
contaminant due to advection is defined in Equation 4.1: 
fAdvection = n-v-C Equation 4.1 
Where: fA Mass flux due to advection, ML"2T"' 
n Porosity, dimensionless 
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v Seepage velocity, LT"1 
C Contaminant concentration. Mass per unit volume of fluid. ML" 
Diffusion: The diffusive flow of contaminants occurs due to a gradient of contaminant 
concentration between two points in the field. The contaminants move from high to low 
concentration points. The mass flux of contaminant due diffusion is defined in Equation 4.2: 
sir 
fDiffusion = ~n • De • — Equation 4.2 
Where: /Diffusion Mass flux due to diffusion, ML"2T"' 
n Porosity, dimensionless 
De Effective diffusion coefficient, L"2T 
C Contaminant concentration. Mass per unit volume of fluid. ML"3 
z Direction of the flow, L 
Dispersion: Local variations of flow velocities induce mixing of the water flowing 
through the porous medium. This migration of contaminants is termed mechanical dispersion, and 
the mass flux is defined in Equation 4.3: 
/Dispersion = ~n • Dm • — Equation 4.3 
Where: /Dispersion Mass flux due to dispersion, ML"2T"] 
n Porosity, dimensionless 
Dm Mechanical dispersion coefficient, L"2T 
C Contaminant concentration. Mass per unit volume of fluid. ML" 
z Direction of the flow, L 
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The total mass flux of contaminants is obtained by adding the partial mass fluxes of 
advective, diffusive and dispersive origin. The result is commonly referred as the Advective-
Diffusive equation 4.4: 
JAdvection-Diffusion-Dispersion = n • V • C — tl • De • — —11 • Dm • — Equat ion 4.4 
Where: fAdv-Diff-Disp Total mass flux, ML"2T"' 
n Porosity, dimensionless 
v Seepage velocity, LT"1 
C Contaminant concentration. Mass per unit volume of fluid. ML"3 
z Direction of the flow, L 
De Effective diffusion coefficient, L"2T 
Dm Mechanical dispersion coefficient, L"2T 
In practice, the effective diffusion coefficient (De) and the mechanical dispersion 
coefficient (Dm) are lumped together as a composite parameter called the hydrodynamic 
dispersion coefficient (D = De + Dm), which simplifies the total mass flux equation to the 
following form: 
JAdvection-Diffusion-Dispersion — n • V • C — 71 • D • — Equat ion 4.5 
Where: fAdv-Diff-Disp Mass flux, ML"2T"' 
n Porosity, dimensionless 
v Seepage velocity, LT"1 
C Contaminant concentration. Mass per unit volume of fluid. ML" 
z Direction of the flow, L 
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D Hydrodynamic dispersion coefficient, L"2T 
It is also important to mention that the contaminants in the sediment are not only present 
in the aqueous phase, as a fraction of contaminants is also attached to the solid particles. 
Chemical reactions between the solid particles and the contaminants in the aqueous phase are 
responsible for the reversibility, amount of contaminants, and time required for the solid and 
aqueous contaminants to reach equilibrium. The chemical reactions can be reversed over time 
when additional chemicals are introduced in the system. The study of these complex chemical 
reactions are part of ongoing research at the Environmental Research Group (ERG) at the 
University of New Hampshire, and are detailed in the PhD dissertation of Bhawana Sharma 
(Sharma, 2008). The objective of Sharma's research was the evaluation of different sorbents for 
the remediation of various contaminants present in some sediments. 
The most common and basic approach to simulate the relationship between the solid and 
aqueous contaminants is the linear sorption Equation 4.6: 
5 = Kd • C Equation 4.6 
Where: S Mass of contaminants removed from solution per unit mass of 
solid, MM"1 
Kd Partitioning or distribution coefficient, M"'L3 
C Equilibrium contaminant concentration. Mass per unit volume of 
fluid, ML"3 
The most important limitation of Equation 4.6 is the unlimited sorption capacity of the 
reactive material, which in nature is not the case. In addition, Equation 4.6 does not include a 
time component, which indicates the chemical reactions are assumed to occur instantaneously. 
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Considering Equation 4.5 and Equation 4.6, and conservation of mass on a finite volume, 
the change in concentration over time can be defined as Equation 4.7. 
dC ( p, d2C dC\ .. dC _ . . . _ 
n—=[n-D- -r-r — n • v • — ) — p • Kd • — Equation 4.7 
dt V dz2 dzj dt 
Where: n Porosity, dimensionless 
C Contaminant concentration. Mass per unit volume of fluid, ML" 
t Time, T 
D Hydrodynamic dispersion coefficient, L"2T 
z Direction of the flow, L 
v Seepage velocity, LT"1 
p Dry density of the soil, ML"3 
Kd Partitioning or distribution coefficient, MM"1 
Equation 4.7 is a partial non-linear differential equation that accurately describes the 
contaminant transport through porous medium. This equation can be expanded to a 2D or 3D 
formulation, and solved using numerical techniques. 
Inspection of Equation 4.7 shows that once the main properties of the porous medium 
have been determined (Porosity, n; Hydrodynamic dispersion coefficient, D; Dry density of the 
soil, p; and the Partitioning or distribution coefficient, Kd), the transport of contaminants can 
significantly be affected by the magnitude of the seepage velocity in the porous medium. 
The following two scenarios, which do not include temperature effects, are studied in this 
chapter to determine the magnitude of the influence of seepage velocities on contaminant 
transport for reactive core mat applications: 
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Contaminant transport with ground water flow and geotextile clogging: This section 
presents a number of numerical simulations where natural ground water flow conditions are 
simulated on a generic site. The model includes a non-reactive and a reactive cap for lead and 
zinc, and the permeability of the cap is varied in order to study its effect on the transport of 
contaminants in the sediment. In addition, these models provided information about the 
effectiveness of using a reactive material to cap contaminated sites. 
Contaminant transport induced by consolidation: In this second section, the geometry 
of the same generic site is used to simulate the consolidation of the soft sediment due to the 
weight of a non-reactive and a reactive cap. The advective water flow induced during 
consolidation is then used to simulate the transport of contaminants in the sediment. Again, the 
simulations of a non-reactive and a reactive cap provide supporting information on the use of 
reactive caps for contaminated sites. 
The most common approach to solve the contaminant transport equation is the finite 
element method. GeoStudio is a commercially available finite element software suite developed 
for the specific use on geotechnical applications (GEO-SLOPE-International-Ltd, 2007a). The 
suite has a number of integrated codes used to simulate different geotechnical analysis, e.g. slope 
stability, ground water flow, stress-deformation, dynamic earthquake, geothermal, contaminant 
transport, air flow, and unsaturated flow. It is worth mentioning that the suite allows the exchange 
of information between the different codes. 
CTRAN/W is the module of the GeoStudio suite developed for contaminant transport 
analysis on geotechnical applications, and it solves Equation 4.7 in a 2D field. As inferred, 
CTRAN/W can use the seepage velocities obtained by the ground water flow module (SEEP/W), 
or it can also use the results of the consolidation simulations carried out on the stress-deformation 
module (SIGMA/W). The details of ground water flow and consolidation simulations are 
presented in the following respective sections. 
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The following section describes the contaminant transport with ground water flow and 
varying the permeability of the reactive core mats. This study showed the effect of geotextile 
clogging on contaminant transport. 
4.2 Influence of Geotextile Clogging on Contaminant 
Transport 
Geotextile clogging is one of the main concerns for applications involving geotextiles and 
fine sediment. The laboratory tests described in chapter 3 showed no clogging of the geotextiles 
under the tests conditions. In addition, numerical models in the same chapter described the effect 
of geotextiles clogging on ground water flow. This section presents the effects of geotextile 
clogging and ground water flow on the transport of contaminants. The simulations are carried out 
assuming lead and zinc as the main contaminants of concern. The study is presented for a generic 
site based on the site conditions found at Anacostia River, the geotechnical properties of the fine 
soft sediment of Piscataqua River NH, and for non-reactive and reactive caps. 
The following section described the steps followed to develop the numerical models to 
simulate natural ground water flow on a generic site, and the transport of contaminants for 
different clogged geotextile scenarios. In addition, the models were developed for the case of a 
non-reactive and a reactive cap to study the efficiency of reactive capping solutions. 
4.2.1 Materials and Methods 
The flow of water through saturated soil can be described using Darcy's Law shown in 
Equation 4.8: 
127 
Q — k • i • A Equation 4.8 
Where: Q Volume of water per unit of time, L3T_1 
k Permeability of the soil, LT"1 
i = — Hydraulic gradient driving the water flow, LL"1 
Ah Difference in total water head, L 
L Length of the flow path where the head loss occurs, L 
A Cross sectional area, L2 
Considering Equation 4.8 and the conservation of mass on a finite volume, one 
dimensional water flow can be defined as Equation 4.9. 
d_ 
ax' ;(k*-S) + Q = f Equations 
Where: x Direction of flow, L 
kx Permeability of the soil, LT"1 
H Total head, L 
Q Inflow or outflow of water, L3T"1 
8 Volumetric water content of the soil 
t Time, T 
Equation 4.9 is a partial non-linear differential equation describing the water flow 
through on soils. This equation can be expanded to a 2D or 3D formulation, and solved using 
numerical techniques. The most common approach to solve this equation is the finite element 
method as implemented in SEEP/W (GEO-SLOPE-International-Ltd, 2007b). SEEP/W is a 
commercially available software package developed for ground water flow analysis on 
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geotechnical applications, and it solves Equation 4.9 in a 2D field. SEEP/W was used to simulate 
ground water flow under five different clogged geotextile scenarios, and the results were then 
transferred to the contaminant transport analysis module CTRAN/W. The five clogging scenarios 
are described later in this section. 
The simulations of ground water flow were developed for the deployment of a reactive 
core mat on a generic site. It was comprised of a sediment profile 8 m thick and 25 m wide. The 
reactive core mat was modeled as 1 cm thick layer of porous material with permeability varied for 
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Figure 4.1 Geometry of a generic reactive cap site. Not to Scale. 
The average size of the finite element was 0.01 m, including secondary nodes per 
element. The discretization provided definition of the soil properties and results to a resolution of 
0.005 m near the cap and increased in size with depth. The mesh was made of 8873 elements, 
13291 nodes, triangular and squared plane strain finite elements. The same number and 
distribution of finite elements was used for all models in order to avoid mesh dependency of the 
results. 
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The input parameters for the ground water flow and contaminant transport models are 
listed in Table 4.1. 
Table 4.1 Parameters for ground water flow and contaminant transport models 
Parameter Units Value 
Initial Concentration (lead and zinc) 
Longitudinal dispersivity 
Transverse dispersivity 
Effective diffusion coefficient, lead 
Effective diffusion coefficient, zinc 
Partitioning coefficient, Kd lead-Apatite 





















It is used only for the reactive cap models described later on this section 
The zone of lead or zinc contaminated sediment was defined as the top 1 m of soil 
beneath the reactive cap, and had an initial contaminant concentration of 700 g/m3. No additional 
mass of contaminant was added to the models during consolidation. 
The definition of geotextile clogging is given by the ASTM-D 5101 standard based on 
the hydraulic gradient acting in the sediment-geotextile area and in the sediment area. That 
boundary condition cannot be defined for the solution of Equation 4.9, therefore, a manipulation 
of the soil and geotextile permeability was used to represent clogging of the geotextiles. The 
definition of clogging is based on the same principles of the gradient ratio test, where the 





Where: GR Gradient ratio value 
i-soii-Geotextiie Hydraulic gradient in the sediment-geotextile region 
lSoil Hydraulic gradient in the sediment region 
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By applying Darcy's Law (Equation 4.8) and the principle of continuity, Equation 4.10 
can be converted to the following expression: 
-~n — lSoU-Geotextile _ ^-Soil-Geotextile ' & 
isoti Q 
ksoa • A 
GR = ^ o i i Equation 4.11 
ksoil-Geotextile 
Where: Q Volume of water per unit of time, L3T_1 
A Cross sectional area, L2 
ksoii-Geotextiie Permeability of the sediment-geotextile region, LT"1 
ksoii Permeability of the sediment, LT"' 
The US Army Corps of Engineers limits to 3.0 the GR-value for filtration applications. 
Replacing the GR = 3.0 in the above equation leads to the following definition of clogging in 
terms of the permeability of the sediment and the sediment-geotextile interface: 
GR = 3.0 = -—^sH Equation 4.12 
kSoil-Geotextile 
This new definition of geotextile clogging indicates that a geotextile is considered 
clogged when the permeability of the sediment-geotextile interface is one third the permeability 
of the sediment alone. This manipulation of the Equation 4.10 into 4.12 indicates that geotextile 
clogging does not mean the geotextile becomes impermeable. Instead, there is a reduction of the 
geotextile permeability according to the definition of GR-value described above. In addition, the 
reactive core mat can now be represented in the 2D simulations by a 1 cm thick layer of material 
with variable permeability. 
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The definition of the ground water flow is a key aspect for the simulations because it 
directly affects the amount of water flowing through the model. In order to develop simulations 
that were consistent with current observations, the boundary conditions corresponded to the 
seepage measurements taken at Anacostia River, Washington D.C. An influx of water of 
1 cm/day was applied to enter at the bottom of the model (Figure 4.1), while the sides of the 
model had impermeable boundary conditions. The water level was defined 1 m above the 
sediment surface. 
Five stages of clogging were simulated by varying the permeability of the reactive core 
mat as follows: 
• I^Soil-Geotextile = 1 X ksoil 
• ksoil-Geotextile = 0.1 X kSoii 
• ksoil-Geotextile = 0 .01 x ^Soil 
• ^Soil-Geotextile = 0 . 0 0 1 X kSoil 
• ks0u-Geotextile = 0 . 0 0 0 1 X kSoil 
It is important to stress that geotextile clogging does not mean the geotextile becomes 
impermeable. Instead, geotextile clogging means reduction of geotextile permeability according 
to the list above. Hence, water and contaminants are still able to pass through the clogged 
geotextiles but at slower rates than for the unclogged case. 
The permeability of the reactive core mat for the different models was defined based on 
the clogged scenario. Table 4.2 lists the permeability of the sediment and geotextiles for the five 





1 x 10"7 
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1 x 10"7 
1 x 10"7 




1 x 10"7 
i x i(r8 
1 x lO"9 
lx lO" 1 0 
1 x 1 0 " 
Table 4.2 Permeability of the sediment and the geotextile for different clogging scenarios 
Degree of mat clogging 
ksoil-Geotextile = 1 x ksoil 
ksoil-Geotextile ~ 0 1 x ^Soil 
ksoil-Geotextile ~ 0-01 X KSoil 
ksoil-Geotextile = 0 . 0 0 1 X kSoii 
ksoil-Geotextile = 0 . 0 0 0 1 X kSoil 
The models were developed to simulate the transport of two contaminants, lead and zinc. 
These contaminants were selected because the difference of one order of magnitude on their 
respective effective dispersion coefficients, which helps determine whether in this case the 
contaminant transport is dominated by advection or by diffusion-dispersion mechanisms. In 
addition, two models were developed using Apatite as the reactive material in an unclogged mat 
to bind lead and zinc in the aqueous phase as they flow from the sediment to the water column. 
The values of the partitioning coefficient for lead-Apatite and zinc-Apatite are listed in Table 4.1. 
This section described the numerical models used to simulate the contaminant transport 
on a non-reactive cap for different clogged geotextile scenarios, and for the case of lead and zinc 
as the main contaminants. In addition, the properties to develop a model of an unclogged reactive 
core mat were presented, which allows the study the of the efficiency of an Apatite based reactive 
core mat for lead and zinc contaminated sites. The results of these ground water flow models are 
presented in the following section. 
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4.2.2 Results of the Simulations 
This section presents the results obtained on the contaminant transport simulations of 
non-reactive caps over a lead and zinc contaminated site for the five clogged geotextile scenarios 
mentioned above. The results of additional models are presented for the case of a reactive cap 
using Apatite to bind lead and zinc. 
The results of the contaminant transport modeling of a non-reactive cap in a lead 
contaminated site are presented next. 
4.2.2.1 Non-reactive cap on a lead contaminated site 
It is important to remember that the initial concentration of lead was 700 g/m3. Figure 4.2 
shows the gradual increase of contaminant concentration in the advected water at the surface of 
the non-reactive cap, at a point along the axis of symmetry of the model (left side on Figure 4.1) 
for the different clogging scenarios on a lead contaminated site. The results show an immediate 
increase on the concentration of contaminants reaching the non-reactive mat. The lead 
concentration decreases over time as the ground water flows through the model and the 
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Figure 4.2 Lead concentration above the geotextile of the non-reactive mat for different 
clogging scenarios 
This results also show that reduction of the cap permeability causes the contaminant 
concentration to reduce at slower rates than for unclogged geotextiles, which indicates that 
impermeable caps favor the isolation of contaminants. 
The use of 2D models brings the possibility of studying the lateral flow of contaminants 
around the cap due to change of the geotextile permeability. Figure 4.3 shows the concentration 
of lead at a point on the surface of the sediment and 1 m away of the cap. The results indicate that 
reduction of the geotextile permeability promotes lateral flow of contaminants. 
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Figure 4.3 Surface lead concentration 1 m away from the mat 
As the contaminated water flows through the cap into the water column, an amount of 
contaminant reaches the cap. Figure 4.4 shows the accumulated mass of lead at the surface of the 
cap, per square meter of cap. The results shows that lesser permeable caps effectively restrict the 
mass flow of contaminants reaching the water column. The negative values in Figure 4.4 indicate 
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Figure 4.4 Accumulation of lead above the geotextile of the non-reactive mat for different 
clogging scenarios 
In general, two dimensional models of the generic site brought the advantage of a more 
realistic simulation of the contaminant transport around the capped sediment. Figure 4.5 to 4.8 
show the contours of lead concentration around the capped sediment for the five clogged 
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Figure 4.5 Lead concentration [g/m ] contours. kcT = 1 x ksED 
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Figure 4.6 Lead concentration [g/m3] contours, kcx == 0.1 x ksE D 
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Figure 4.8 Lead concentration [g/m3] contours. kcT = 0.001 x ksED 
8 
I!6 i 4 
350 
so 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 
Distance [m] 
Figure 4.9 Lead concentration [g/m3] contours, kct = 0.0001 x I^ED 
The change in the contaminant contours indicate that a decrease of the geotextile 
permeability promotes the horizontal movement of contaminants, while reducing its vertical 
movement. Furthermore, the decrease of the geotextile permeability promotes the isolation of the 
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contaminants, because the contours of concentration remain at greater values near the cap as the 
geotextile permeability decreases. 
Similar models were developed for the case of zinc as the main contaminant. The results 
of the contaminant transport modeling of a non-reactive cap on a zinc contaminated site are 
presented next. 
4.2.2.2 Non-reactive cap on a zinc contaminated site 
It is important to remember that the initial zinc concentration was 700 g/m3, while the 
effective diffusion coefficient was one order of magnitude less than that of lead. The gradual 
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Figure 4.10 Zinc concentration above the geotextile of the non-reactive mat for different 
clogging scenarios 
The results indicate that zinc concentration remains a higher values for a clogged 
geotextile than for a more permeable geotextile. In addition, the difference between having a fully 
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permeable geotextile (kGT = 1 x kSED) and a clogged geotextile (kGT = 0.01 x kSED) 
according to the USACE recommendations, does not significantly affect the vertical movement of 
contaminants. 
Figure 4.11 shows the mass flux of zinc at the surface of the non-reactive mat during the 
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Figure 4.11 Accumulation of zinc above the geotextile of the non-reactive mat for different 
clogging scenarios 
The mass flux of zinc at the surface of the cap is essentially the same amount as the 
observed values for lead. The difference between the two results is in decimal values that cannot 
be distinguished in the graph. This result indicates that the advective component of the 
contaminant transport equation dominates over the dispersive-diffusive effects. 
Figure 4.12 to 4.15 show the zinc concentration contours around the capped sediment for 
the five clogged geotextile scenarios, which again show no noticeable differences to the contours 
obtained on the simulations of the lead contaminated site. 
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Figure 4.12 Zinc concentration [g/m3] contours, k ^ = 1 x ksED 
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Figure 4.13 Zinc concentration [g/m3] contours. kcT = 0.1 x ksED 
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Figure 4.14 Zinc concentration [g/m3] contours. kcT = 0.01 x ksED 
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Figure 4.15 Zinc concentration [g/m3] contours. kcT = 0.001 x ksED 
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Figure 4.16 Zinc concentration [g/m3] contours. kcT = 0.0001 x ksED 
The results presented in these sections included the simulations of several stages of 
geotextile clogging of a non-reactive mat, with lead and zinc as the main contaminants. The 
following sections describes the results of the contaminant transport simulations using a reactive 
material (Apatite) to bind lead and zinc on a generic site, and for the specific case of an 
unclogged geotextile. 
4.2.2.3 Reactive cap on a lead contaminated site 
The initial lead concentration was 700 g/m3. The slow increase of contaminant 
concentration reaching the surface of the reactive mat, along the axis of symmetry of the model 
(left side on Figure 4.1) is shown on Figure 4.17. The final lead concentration after 100 days of 
contaminant transport for the reactive cap is 2.2 g/m3, while for the non-reactive cap was nearly 
170 g/m (see Figure 4.2). This result stresses the importance of using a reactive cap to isolate 
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Figure 4.17 Lead concentration above the geotextile of the reactive mat for an unclogged 
geotextile 
The lead concentration contours around the capped sediment using an unclogged reactive 
mat after 100 days of deployment are shown in Figure 4.18. 
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Figure 4.18 Lead concentration [g/m3] contours. Unclogged geotextile. Reactive Mat. 
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Comparing the concentration contours for the reactive (Figure 4.18) to the non-reactive 
(Figure 4.5) cap case, show that the contaminant concentration remains a greater values for the 
reactive cap case. This is caused by the Apatite binding the contaminants as they migrate through 
the cap. 
The following section describes the results of similar numerical models of contaminant 
transport simulations using a reactive material (Apatite) to bind zinc on the same generic site. 
4.2.2.4 Reactive cap on a zinc contaminated site 
Figure 4.19 shows the gradual increase of zinc concentration at the surface of the no-
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Figure 4.19 Zinc concentration above the geotextile of the reactive mat for an unclogged 
geotextile 
Zinc concentration increased slowly from 0 to about 190 g/m3 after 100 days without 
reaching the same peak observed for the case of a non-reactive cap shown in Figure 4.10. This 
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result indicates that a smaller amount of contaminant was able to reach the water column when 
using a reactive cap than when using a non-reactive cap. 
In addition, comparison of this result to the result obtained for lead as the main 
contaminant shows that Apatite is more efficient to bind lead than zinc. 
The contours of zinc concentration for the reactive cap and unclogged geotextile are 














-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 
Distance [m] 
Figure 4.20 Zinc concentration [g/m3] contours. Unclogged geotextile. Reactive Mat. 
The results again show greater concentration levels around the capped area for the 
reactive cap than for the non-reactive cap. 
This section discussed the results of the numerical simulations to study the influence of 
geotextile clogging on contaminant transport. The case of capping a zinc and lead contaminated 
site with a non-reactive and a reactive cap was presented using Apatite as the binding material. 
The second contaminant transport scenario presented in this dissertation studies the 
transport of contaminants induced by the consolidation of the soft sediment due to the weight of 
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the cap. Details of the consolidation and contaminant transport analyses are presented in the 
following section. 
4.3 Contaminant Transport Induced by Consolidation 
Deployment of the reactive core mat and the protective layer of sand over the soft 
contaminated sediment induce consolidation of the soft sediment. During consolidation, the 
volume of voids filled with contaminated water decreases; thus, promoting a transient release of 
contaminated water from the sediment to the water column. 
This section presents a contaminant transport analysis based on the advective water flow 
induced during soft sediment consolidation. The study is presented for a generic site based on the 
site conditions found at the Anacostia River, and the geotechnical properties of the fine soft 
sediment of the Piscataqua River, NH. The numerical simulations of contaminant transport are 
presented for the case of a non-reactive cap and a reactive cap using Apatite as the binding 
material, and lead and zinc as the main contaminants. The following section describes the 
procedure and the properties of the materials used for the simulations. 
4.3.1 Materials and Methods 
Inspection of the contaminant transport Equation 4.7, indicates that a reliable 
contaminant transport analysis is possible by solving Equation 4.7 using the water flow velocities 
obtained on a separate consolidation analysis. The contaminant transport analysis depends on the 
water flow velocities (advective flow) obtained from the consolidation simulations. That is, a 
decoupled solution of consolidation and contaminant transport results in realistic results. 
The plane strain model was based on a typical site suitable for reactive cap technology. It 
was comprised of a sediment profile 8 m thick and 25 m wide. Geotextiles were not modeled in 
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order to avoid any stress redistribution effects. The 0.3 m thick overlaying protective sand layer 
was modeled as a distributed load to induce consolidation of the underlying sediment, which is 
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Figure 4.21 Geometry of a generic reactive cap site. Not to Scale. 
The average size of the finite element was 0.01 m, including secondary nodes per 
element. The discretization provided definition of the soil properties and results to a resolution of 
0.001 m near the cap and increase in size at depth. The mesh was made of 5215 elements, 9701 
nodes, triangular and squared plane strain finite elements. The same number and distribution of 
finite elements was used for all models in order to avoid mesh dependency of the results. Figure 
4.22 shows the geometry developed in GeoStudio™. 
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Figure 4.22 Model of a generic reactive cap site 
Consolidation of the soft sediment was simulated using the Modified Cam-Clay 
constitutive model. In this constitutive model, consolidation of the soft sediment is represented by 
a logarithmic relation between the strain and the stress in the soil, similar to the results measured 
in the one dimensional consolidation tests. This model differs from the original Cam-Clay models 
in that the yield function has the shape of an ellipse instead of a teardrop. 
The parameters for the Modified Cam-Clay constitutive model are based on the most 
likely values of the consolidation properties obtained from consolidation tests on Piscataqua 
River sediment, and are described later in this section. 
Sediment samples from the Piscataqua River, NH estuary were collected and 
characterized. The sediment was a grey silt with sand, with low plasticity silt and clayey fractions 
(ML-CL), fully saturated, organic content of 4.2%, and 75% passing sieve No. 200. The liquid 
limit (wL) is 33% and the plasticity index (IP) is 8%. The characteristics of this sediment indicate 
strong similarities to the silts found in offshore California sites, where the 60 to 90% of the soil 
passed the No.200 sieve, wL 20-40% and IP 3-12 (McNeilan and Bugno, 1985). Table 4.3 lists the 
Atterberg limits, and the fractions of ash and organic matter found for the Piscataqua River 
sediment. 
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The grain size distribution was obtained by sieve and hydrometer tests (ASTM-D 422-















10 20 40 60 100 200 






Grain Size [mm] 
0.01 0.001 
Figure 4.23 Grain size distribution of Piscataqua River, NH sediment 
The compressibility of the soft sediment in terms of void ratio at all effective stress levels 
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Figure 4.24 Consolidation of Piscataqua River sediment. Void ratio vs. a' 
An additional result obtained from the consolidation tests is the variation of the 
permeability of the sediment with effective stress, see Figure 4.25. The results showed that the 
permeability decreases by almost three orders of magnitude when the effective stress increases 
from the zero to 7 to 8 kN/m2, and further load increase (up to 1000 kN/m2) reduces the 
permeability by an additional one order of magnitude. This result is of special significance for 
reactive core mat design because it shows the in-situ permeability profile, and how it can be 
affected by the weight of the cap. 
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Figure 4.25 Permeability vs. effective stress for Piscataqua River sediment 
The results of the consolidation tests were used to compute the equivalent geotechnical 
parameters to simulate soft sediment consolidation using the Modified Cam-Clay constitutive 
model. 
The geotechnical parameters used to define the Modified Cam-Clay constitutive model 
are the maximum past pressure (p 'c\ the M-value that defines the critical state line, the lamba (A,) 
parameter representing the slope of normal consolidation line, and the kappa (K) parameter which 
represents the slope of the over-consolidation line. All of these parameters are obtained from 
consolidation tests, except for the M-value, which is obtained from the friction angle of the soil. 




 2303 Equation 4.13 
Where: A Normal consolidation line parameter 






Where: K Over-consolidation line parameter 
Cr Recompression Index obtained from Log(cr') vs. e curves 
And the M-value is calculated using the friction angle obtained from the direct shear 
tests: 
M _ 6-Sin(j)i 3-Sincl>i Equation 4.15 
Where: M Slope of the critical state line in the/? '-q plane 
4>' Soil friction angle 
Additional details about the numerical formulation of this model can be obtained from 
Atkinson and Bransby (1978), Britto and Gunn (1987), and GEO-SLOPE-International-Ltd 
(2007c). 
Table 4.4 lists a summary of the geotechnical parameters used to define the Modified 
Cam-Clay constitutive model. 
Table 4.4 Parameters for the Modified Cam-Clay constitutive model 
Parameter Units Value 
Unit weight, y kN/m 16.5 
Poisson's ratio, v 0.25 
Initial void ratio, e 1.75 
Over Consolidation Ratio 1 
Lambda, X 0.04863 
Kappa, K 0.0102 
Effective friction angle, (/>' ° 40 
Volumetric water content mVm3 0.624 
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The zone of lead or zinc contaminated sediment was defined as the top 1 m of soil 
beneath the reactive cap, and had an initial contaminant concentration of 700 g/m in both cases. 
The simulation of the consolidation process was carried out for a total of 600 days, when 
the excess pore pressure was completely dissipated as it is shown later on this section. 
Simulations were carried out using a non-reactive and reactive cap in an unclogged mat 
to bind the contaminants in the aqueous phase as the advective flow induced during consolidation 
is directed to the water column. The values of the partitioning coefficient of lead-Apatite and 
zinc-Apatite are listed in Table 4.1. 
This section described the numerical models used to simulate the contaminant transport 
on a non-reactive and a reactive cap during consolidation of the soft sediment. This allows the 
study of the efficiency of an Apatite based reactive core mat for lead and zinc contaminated sites 
during consolidation. The results of the consolidation-induced contaminant transport for a non-
reactive and a reactive cap are presented in the following section. 
4.3.2 Results of the Simulations 
As previously discussed, the solution of the contaminant transport equation (Equation 
4.7) can be highly dependent on the seepage velocities obtained from the consolidation analysis. 
The following section describes the main results of the consolidation analysis for the generic site, 
which are then used for the simulations of contaminant transport during consolidation. 
4.3.2.1 Consolidation analysis 
The excess pore pressure induced in the sediment and caused by the weight of the cap is 
shown in Figure 4.26. The results are presented for midpoint along the axis of symmetry of the 
model (left side of the model). The results show that after 300 days, the consolidation at this point 
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is practically over; therefore, the total stress has been transferred to the soil structure in the form 
of effective stress. 
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Figure 4.26 Excess pore pressure at center point along the model axis of symmetry 
In general, the total stress is transferred to the soil structure during consolidation in the 
form of effective stress. This increase of effective stress induces settlement of the sediment 
surface. Figure 4.27 shows the settlement of the sediment surface during consolidation of the soft 
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Figure 4.27 Settlement at the centerline of the model 
The results of the consolidation analysis showed a final settlement of nearly 1.5 cm due 
to the weight of the cap after 300 days of consolidation. As the sediment consolidates, the volume 
of voids filled with contaminated water is gradually reduced. By using phase relationships and 
knowing the initial void ratio of the sediment, it is possible to relate the strain caused by 
consolidation to the amount of water being expelled from the sediment. This results provides the 
seepage velocities that can then be used on contaminant transport analyses. 
The results of the contaminant transport analysis on non-reactive and reactive caps, for 
the case of lead and zinc as the main contaminants are presented in the following section. 
4.3.2.2 Contaminant transport analysis on non-reactive and reactive caps on a lead 
contaminated site 
The concentration of lead during consolidation at the cap surface, at a point along the axis 
of symmetry of the model (left side on Figure 4.21) is shown Figure 4.28. The final concentration 
of lead when using a non-reactive cap rapidly reaches the same concentration of the contaminated 
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sediment (700 g/m3). However, the final concentration is only about 2.2 g/m3 when using a 
reactive cap with Apatite as the reactive material. 
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Figure 4.28 Concentration of lead during consolidation 
These results highlight the importance of using a reactive material as part of capping 
applications of contaminated sediment, because they indicate that the contaminants are being 
sequestrated by the reactive materials instead of flowing freely to the water column. 
4.3.2.3 Contaminant transport analysis on non-reactive and reactive caps on a zinc 
contaminated site 
A similar model was developed for the case of a zinc contaminated site with a non-
reactive and a reactive cap using Apatite as the reactive material. Figure 4.29 shows the 
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Figure 4.29 Concentration of zinc during consolidation 
In this case, the results again show the benefits of using a reactive material as part of the 
cap on a contaminated site. However, the final concentration of zinc is 130 g/m3, which is less 
than the final lead concentration of 2.2 g/m3 under similar conditions. This result indicates that 
Apatite is more efficient in binding lead than zinc. 
4.4 Summary 
Ground water flow, clogging scenarios, and a non-reactive cap 
The results showed an immediate increase on the concentration of contaminants reaching 
the non-reactive mat. The concentration of contaminants decreased over time as the ground water 
flows through the model and the contaminants were transported to the water column. 
Reduction of the cap permeability causes the contaminant concentration to reduce at 
slower rates than for unclogged geotextiles, which indicates that impermeable caps favor the 
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isolation of contaminants. Furthermore, less permeable caps effectively restrict the mass flow of 
contaminants reaching the water column but promote lateral movement of the contaminants. 
The accumulated mass of zinc at the surface of the cap is essentially the same amount as 
the observed values for lead. The difference between the two results was in decimal values that 
cannot be distinguished in a graph. This result indicated that the advective component of the 
contaminant transport equation dominates over the dispersive-diffusive effects. 
Ground water flow, unclogged geotextile, and a reactive cap 
The initial concentration of lead and zinc was 700 g/m3. The final lead and zinc 
concentration after 100 days of contaminant transport was 2.2 g/m3 and 190g/m\ respectively. 
This result stresses the importance of using a reactive cap to bind the contaminants when capping 
contaminated sites, and that Apatite is more efficient in binding lead than zinc. 
Consolidation induced contaminant transport with non-reactive and reactive cap 
The final concentrations of lead and zinc at the cap during consolidation when using a 
non-reactive material rapidly reaches the same concentration of the contaminated sediment 
(700 g/m3). However, the final lead concentration is only about 2.2 g/m3 when using a reactive 
cap with Apatite as the reactive material, and about 130 g/m3 for the case of zinc as the main 
contaminant. 
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5 DISCUSSION AND RECOMMENDATIONS FOR 
REACTIVE MAT DESIGN 
More than 90% of US Naval facilities have identified contaminated sediment sites. It is a 
challenge to remediate such sites due to security and mission readiness constraints. The United 
States Navy funded this research through the partnership with the Strategic Environmental 
Research and Development Program (SERDP), as part of its current efforts to develop efficient 
technologies to isolate and remediate the contaminants found at their sites. 
Contaminated sediment is generally treated using different methods depending on the 
characteristics of the site. The treatment can be carried out by dredging and disposing of the 
contaminated sediment in a controlled environment, or by using an on-site solution based on 
capping of the contaminated site. Dredging represents also a problem for the Navy because is 
impedes ship traffic. 
Reactive cap technology is a promising in-situ remediation solution for contaminated 
sediment, mainly because it has the potential to reduce costs and environmental impacts when 
compared to solutions that rely solely on dredging and disposal of the contaminated material. The 
reactive caps studied in this research were comprised of two geosynthetic fabrics bound to a 
fibrous core filled with a reactive material. The type of geotextiles and reactive material should be 
selected based on the characteristics of the contaminated material and the contaminants on site. 
The reactive mat is deployed on top of the sediment to trap the contaminants as they migrate out 
of the sediment via diffusion or advection, and is typically protected by a 0.3 m layer of clean 
permeable sand or silt. 
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The SERDP scientific board, in charge of advising the development of this research, 
identified a number of aspects to be investigated as part of the study of reactive capping 
technology. The board requested an evaluation of the consolidation behavior of soft sediments 
under the expected weight of reactive capping. In addition, the board requested a study on the 
clogging behavior of geotextiles when in contact with fine sediments, because of concerns that 
geotextile clogging might affect the performance of the reactive material and the in-situ ground 
water flow conditions. An additional request of the board was aimed towards the possibility of 
gas accumulation at the sediment-geotextile interface, due to methane gas generated by bacterial 
activity in the sediment. 
This dissertation described the research done on each of these aspects, and on additional 
technical challenges that must be addressed for the successful application of reactive cap 
technology to isolate and remediate contaminated sites. 
The consolidation tests carried out on soft sediments showed deformations of up to 33% 
when the porous stone and the loading plate required on one dimensional consolidation tests were 
placed over the sample. The equivalent effective stress load due to these two elements is about 
1 kPa. This behavior indicates that an even protective layer of sand/silt mixture over the reactive 
mat must be constructed to minimize possible distortion effects. The construction of an uneven 
layer of protective sand might lead to significant differential settlements inside the capped area, 
which in turn affects the stability of the system. In addition, the distortion caused by the 
differential settlement promotes shear strength failure of the sediment and facilitates the flow of 
contaminants from the sediment to the water column. 
The area to be capped by the reactive core mat must be designed to extend at least 1 m 
beyond the expected area of treatment. This prevents that localized distortion affects the release 
of contaminants during construction, or during consolidation of the soft sediment. 
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The consolidation tests on soft sediment showed a reduction of three orders of magnitude 
on the permeability of the sediment between 0 and 10 kPa, or 0 and -1.5 m, respectively. Further 
increase of effective stress reduced the permeability by one order of magnitude. These results 
show that the permeability of the sediment near the surface is greater (almost three orders of 
magnitude) than at 1.5 m deep. The expected weight of the reactive cap and the protective sand 
induces a load of 2.5 kPa on the sediment, then the permeability of the sediment near the surface 
is not reduced below the values of deeper sediment, and the development of a less permeable 
barrier underneath the reactive cap cannot occur under these conditions. 
Consolidation of the soft sediment promotes release of contaminated water from the 
sediment to the water column. The contaminants in the aqueous phase are bound to the reactive 
material as they migrate through the reactive core mat. It is recommended to determine the 
velocity of the water flow during consolidation, and verify that the residence time (time the 
contaminants are in contact with the reactive material) is sufficient for the binding chemical 
reaction to occur. If this information is unknown, or natural ground water flow at the site 
generates continuous flow from the sediment to the water column, then the thickness of the 
protective sand must be designed to hold the water being expelled during consolidation. The 
design of the cap thickness must include a bearing capacity analysis. 
The results of the gradient ratio tests indicate that the performance of reactive cap-fine 
sediment systems can be evaluated using this type of performance based tests. It is recommended 
to verify the performance of the reactive cap with the in-situ sediment because the effectiveness 
of this technology is directly related to the permeability of the reactive core mat. The test should 
be carried out using a modified version of the standardized gradient ratio test, where the 
geocomposite is placed beneath the sediment sample under downward flow conditions. Tests 
performed for one week provided results consistent to those obtained on long-term tests 
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(30 days); hence, long-term test are recommended only for critical applications where geotextile 
clogging is expected to occur. 
Based on the simulations of ground water flow on a generic site under different 
unclogged scenarios, the water flow through the reactive cap is not significantly affected by a 
clogged geotextile as defined by the USACE. 
The design of the geotextile for reactive core mat applications must consider free water 
flow through the reactive cap, because the contaminants must be in contact with the reactive 
material for the chemical binding reaction to occur. 
The use of impermeable barrier to isolate contaminated sites is only recommended for 
sites without natural ground water flow. The use of an impermeable cap on a site with ground 
water flow promotes the lateral transport of contaminants, hence expanding the volume of the 
contaminant plume. 
The recommended piped sediment limit for a stable system is 2500 g/m2. The piped 
sediment on the gradient ratio tests was less than half this maximum recommended value when 
using single geotextiles with AOS varying from 70 to 170. The use of two geotextiles and a 
fibrous core in a reactive core mat should reduce even further the amount of sediment able to pass 
through the geocomposite. Therefore, though these geotextiles do not meet the retention criteria 
for design of geotextile based filters using Piscataqua River sediment, its performance showed 
that the piped sediment limit was met. 
The results of the gas permeability tests showed that the gas permeability of the most fine 
(AOS 180) and heaviest (WT 7.8 oz/yd2) is sufficient for the gas production rates reported on 
marine sediments. Reactive core mats are expected to be designed with coarser geotextiles, which 
should be more gas permeable, hence providing an additional margin of safety on this matter. 
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The results of contaminant transport simulations during consolidation and natural ground 
water conditions for the case of a reactive core mats, showed 99.6% reduction of lead 
concentration reaching the surface of the cap, and 81% reduction for the case of zinc 
contaminated sites, when compared to the simulations using a non-reactive cap. These results 
stress the importance of using a reactive cap to isolate and remediate contaminated sites, instead 
of using non-reactive caps. 
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CONCLUSIONS 
The following conclusions are drawn based on the research done on the subject of 
reactive capping technology to isolate and remediate contaminated sediment sites, including the 
results of laboratory tests on soft sediment samples and the numerical simulations of 
consolidation, natural ground water flow, and contaminant transport: 
• The soft nature of the sediment and the load caused by seating pressure, the weight of the 
porous stone and loading plate required under the ASTM standard to measure soil 
consolidation, prevent collection of information at stress levels less than 5-10 kPa. 
Therefore, the consolidation behavior and permeability of the soft sediment of the top 1.5 m 
cannot be estimated using only the results of the ASTM one dimensional consolidation test. 
• The consolidation behavior of soft sediment within the top 1.5 m of the surface can be 
estimated using the seepage consolidation tests, which provides consistent results to those 
obtained from ASTM one dimensional consolidation tests. 
• The permeability of soft sediment varies significantly with the effective stress, especially 
from 0 to 10 kPa of effective stress where the reduction of the permeability was 3 orders of 
magnitude. 
• The Elastic-Plastic constitutive model should be used to simulate soil consolidation for very 
low loads (1 kPa), and a Modified Cam-Clay constitutive model for the remainder portion of 
the load. This procedure accurately simulates the initial rapid settlement of the sediment 
surface at effective loads less than 1 kPa, and the gradual consolidation observed at greater 
effective stress levels. 
• The gradient ratio tests showed no clogging potential under the test conditions of the four 
single geotextiles or of the fresh or weathered reactive core mats. The GR-value was 
relatively stable for any hydraulic gradient after only one day, which falls into the 
recommendation of the ASTM standard for "some recognizable equilibrium or stabilization 
of the system". 
• The results of the ground water flow simulations indicated that when the geotextiles are 
clogged according to the USACE recommendations (GR = 3.0), then the reduction of water 
flow is not significant (less than 1% when compared to the unclogged case). A 50% 
reduction of the flow crossing the reactive core mat occurs when the permeability of the 
geotextile is about 0.004 of the sediment permeability, and a 75% reduction when the mat 
permeability is 0.001 of the sediment permeability. 
• The results of the ground water flow simulations showed that even a two orders of 
magnitude reduction of the geotextile permeability does not significantly affect the direction 
of the flow paths, and the majority of the water still flows through the reactive core mat. A 
significant deviation of the flow paths was observed when the geotextile permeability is 
three orders of magnitude less than the sediment permeability. 
• The results of the ground water flow simulations when the geotextile permeability is four 
orders of magnitude less than the sediment permeability indicate that a fully impermeable 
cap for contaminated sediment favors lateral flow of the water underneath the cap. 
• The results of the sediment piping tests indicated that the geocomposite-sediment filter 
system is stable in terms of its retention capabilities, and that all the geocomposites tested 
allow less than 2500 g/m2 of sediment to move through the geotextiles. The results also 
showed that the use of a finer AOS or a heavier geotextile (AOS 180 or WT 8 oz/yd2), or a 
combination of both drastically reduces the amount of sediment that is able to pass through 
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the geocomposite. Furthermore, reactive mats, which are double geotextile systems, allow 
even less material to pass through than single geotextiles. 
• By comparing the gas flow/dissipation rate (3000 cm3/day) measured for the heaviest and 
finest geotextile (AOS 170), to the gas production rates reported in the literature (up to 
2640 cm3/day), gas accumulation beneath the geotextile is not expected to represent a main 
hazard to the stability and integrity of a geotextile deployed over sediment under the 
assumed conditions. 
• The contaminant transport simulations under groundwater flow conditions showed that the 
contaminant concentration at the cap reaches the same concentration of the contaminated 
area, and then reduce at slower rates for clogged geotextiles than for unclogged geotextiles. 
This indicates that low permeability caps favor the isolation of contaminants because lesser 
permeable caps effectively restrict the mass flow of contaminants reaching the water 
column. 
• The contaminant transport simulations under groundwater flow conditions showed that the 
advective component of the contaminant transport equation dominates over the dispersive-
diffusive effects. 
• The simulations carried out for a generic site using an Apatite reactive core mat over a lead 
and zinc contaminated site (700 g/m3), showed that the final lead and zinc concentration 
after 100 days of contaminant transport was 2.2 g/m3 and 190g/m3, respectively. This result 
stresses the importance of using a reactive cap to bind the contaminants when capping 
contaminated sites, and that Apatite is more efficient in binding lead than zinc. 
• The final concentrations of lead and zinc at the cap during consolidation when using a non-
reactive material rapidly reaches the same concentration of the contaminated sediment 
(700 g/m3). However, the final lead concentration is only about 2.2 g/m3 when using a 
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reactive cap with Apatite as the reactive material, and about 130 g/m3 for the case of zinc as 
the main contaminant. These results also indicate that Apatite is more efficient in binding 
lead than zinc. 
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APPENDICES 
APPENDIX I. Compression index - Piscataqua River sediment 
Compression index (Cc) and recompression index (Cr) computed from Log(cr') vs. e 
relationships. 
e?o - ef 1.75 - 1.55 
~ Log(a'f) - Log(a'0) ~ Log(6) - Log(0.1) ~ 
Cc 0.1125 
* = , r-.^ = " V ^ T = 0.0488 Ln(10) 2.303 
e0 - ef 1.32 - 1.28 
Log{o'f) - Log(a'0) ~ Log(1000) - Log(20) ~ 
Cr 0.0235 
* = , ^ » N = ^o^o = 0.0102 Ln(10) 2.303 
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APPENDIX II. Compression index - Cottonwood Bay sediment 
Compression index (Cc) and recompression index (Cr) computed from Log(a') vs. e 
relationships. 
e0 - ef 7 - 4.6 
Cc = - — = = 1 3159 
Log{a'f) - Log(a'0) Log(100) - Log(1-5) 
Cc 1.3159 
A =
 Z^j = T3oF = a 5 7 2 1 
e0 - ef 4.3 - 4.2 
^ f a ' / ) - Log(a'0) Log(100) - Lo^(24) 
Cr 0.1613 
K =
 Rioj = T303- = 0 0 7 0 2 
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APPENDIX III. Modeling of consolidation. Cottonwood Bay Sediment 
Elastic-Plastic Constitutive Model 
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The constrained deformation modulus was obtained from the effective stress vs. strain 
relationship measured during the one dimensional consolidation tests according to the equation 
below. Note that the results are consistent with the definition of deformation modulus used by 
Geostudio™. 
E nun — 7 -a o OED £f - £0 
The constrained deformation modulus is then converted to its equivalent for unrestricted 
conditions by using the elastic relationship presented below, and the deformation modulus can be 
related to the vertical effective stress on the sample: 
E' = E' 
(1 - 2 • v) • (1 + v) 
OED' (1- tO 
Table III.2 Deformation modulus for the Elastic-Plastic constitutive model 
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ure III.1 Permeability vs. Effective stress relationship for Cottonwood Bay sediment 
Modified Cam-Clay Model 
Table III.3 Parameters for the Modified Cam-Clay constitutive model 
Parameter 
Unit weight, y 
Poisson's ratio, v 
Initial void ratio, e 
Over Consolidation Ratio 
Lambda, X 
Kappa, K 
Effective friction angle, </>' 























0.0 0.5 1.0 1.5 2.0 
Excess pore water pressure, u [kPa] 
2.5 






0.0 0.5 1.0 1.5 2.0 
Excess pore water pressure, « [kPa] 
2.5 
Figure III.3 Excess pore pressure dissipation profiles - MCC constitutive model 
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Figure III.4 Excess pore pressure dissipation profiles - EP-MCC constitutive models 
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Figure III.5 Excess pore pressure dissipation 4 m into the axis of symmetry 
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Figure III.8 Advective flow during consolidation - EP constitutive model 
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Figure III.9 Advective flow during consolidation - MCC constitutive model 
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Figure 111.10 Advective flow during consolidation - EP-MCC constitutive models 
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